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vitro study: This chapter investigates the effect that a physical surface modification using sandpaper 
abrasion has on the surface roughness of the orthodontic elastomer, both in a relaxed state and at 
different levels of stretch. It also examines whether a superhydrophobic state can be created on 
elastomers with physical surface modification alone. This chapter also examines the effect of this 
physical surface modification on bacterial adherence. 
Chapter 3 – Appendices: This chapter contains all the supporting components of the thesis such as 
evidence of Māori consultation, ethical approval, and research funding. The chapter also contains a 
published paper that is related to the thesis. This paper is referenced several times within the thesis. 
The remainder of the appendices consists of diagrams and graphs supporting the results presented in 
Chapter 2.  
 The following facilities from the University of Otago were utilised for completion of this thesis: 
 Faculty of Dentistry Biomaterials laboratory 
 Faculty of Dentistry Molecular Biosciences Laboratory 
 Otago Micro and Nanoscale Imaging (OMNI), Research Infrastructure Centre 
 Department of Physics 
 Emtech Electromechanical Workshop, Department of Physiology.  
vi 
 
Table of Contents 
Acknowledgements ............................................................................................................................... iii 
Overview ................................................................................................................................................. v 
Table of Contents .................................................................................................................................. vi 
List of Abbreviations ........................................................................................................................... viii 
List of Figures ......................................................................................................................................... ix 
List of Tables .......................................................................................................................................... xi 
1. Review of Literature ........................................................................................................................ 1 
1.1 Introduction .............................................................................................................................. 2 
1.2 Uses of orthodontic elastomers and elastics ............................................................................ 3 
1.3 Orthodontic elastomer manufacturing process ....................................................................... 5 
1.4 Mechanical properties of orthodontic elastomers ................................................................... 7 
1.5 Biofilm formation around orthodontic elastomers ................................................................ 11 
1.6 Attempts to reduce and inhibit biofilm formation on orthodontic elastomers ..................... 18 
1.7 Surface properties of orthodontic elastomeric compounds................................................... 23 
1.8 Polymer surface physical modification ................................................................................... 24 
1.9 Surface characterisation methods .......................................................................................... 31 
1.10 Conclusion ............................................................................................................................. 33 
1.11 References ............................................................................................................................ 34 
2. Surface modification of orthodontic elastomers to overcome biofilm formation: An in vitro 
study ...................................................................................................................................................... 47 
2.1 Abstract ................................................................................................................................... 48 
2.2 Introduction ............................................................................................................................ 49 
2.3 Methods and materials ........................................................................................................... 51 
2.3.1 Preparation of elastomeric material ................................................................................ 51 
2.3.2 Elastomer stretching jigs .................................................................................................. 51 
2.3.3 Topographical surface characterisation of orthodontic elastomers ............................... 55 
2.3.4 Contact angle measurement for orthodontic elastomers ............................................... 56 
2.3.5 Bacterial adhesion to orthodontic elastomers ................................................................ 58 
2.3.6 Statistical analysis ............................................................................................................ 59 
2.4 Results ..................................................................................................................................... 61 
2.4.1 Topographical surface characterisation of orthodontic elastomers ............................... 61 
2.4.2 Quantitative analysis of the surfaces of orthodontic elastomers .................................... 61 
2.4.3 Qualitative analysis of the surfaces of orthodontic elastomers ...................................... 63 
2.4.4 Contact angle measurement for orthodontic elastomers ............................................... 65 
vii 
 
2.4.5 Bacterial adhesion to orthodontic elastomers ................................................................ 70 
2.5 Discussion ................................................................................................................................ 73 
2.6 Limitations and future research .............................................................................................. 81 
2.7 Conclusion ............................................................................................................................... 83 
2.8 References .............................................................................................................................. 84 
3. Appendices .................................................................................................................................... 89 
3.1: Ngāi Tahu Research Consultation .......................................................................................... 90 
3.1.1 Application for Ngāi Tahu consultation ........................................................................... 90 
3.1.2 Documentation confirming Ngāi Tahu consultation ........................................................ 92 
3.2 Ethical Approval ...................................................................................................................... 94 
3.2.1 Initial decision letter ........................................................................................................ 94 
3.2.3 Response to ethics committee ......................................................................................... 97 
3.2.3 Participant Information form ........................................................................................... 98 
3.2.4 Participant Consent form ............................................................................................... 101 
3.3 Funding Confirmation ........................................................................................................... 103 
3.4 Paper published in the Journal of Orthodontics and Craniofacial Research – “The effect of 
ligation methods on biofilm formation in patients undergoing multi-bracketed fixed orthodontic 
therapy – A systematic review” .................................................................................................. 106 
3.5 Experimental design flowchart ............................................................................................. 123 
3.6 Design of the type B elastomer stretching jig block ............................................................. 124 
3.7 Growth curve for Streptococcus gordonii ATCC 10558 ......................................................... 126 
3.8 Linear regression charts for original elastomers (positives) and elastomer impressions 
(negatives) for surface characterisation validation .................................................................... 127 
3.9 Optical density (OD600) of overnight cultures and day subcultures used for experiments ... 128 
3.10 Representative images of agar plates used to calculate bacterial adhesion to elastomers





List of Abbreviations 
3D Three-dimensional 
AFM Atomic force microscopy 
BES N-bis(hydroxyethyl)-2-aminoethanesulfonic acid 
CAMI  Coated Abrasive Manufacturers’ Institute 
CFU Colony forming units  
DMSO Dimethyl sulfoxide 
h Hour 
MDI Methylene diphenyl diisocyanate  
MIDE 2-2-(methylamino)diethanol 
min Minute 
MP530 MP530 – Polymer formed from a combination of MDI and PCL530. 
MRSA  Methicillin-resistant Staphylococcus aureus 
OD600 Optical density at a wavelength of 600 nm 
PBS Phosphate buffered saline 
PCL530 Polycaprolactone diol 
PTPE Polyurethane thermoplastic elastomer 
Ra Surface roughness  
RCT Randomised control trial 
RPM Revolutions per minute 
Rp  Peak height 
Rv Valley depth  
s Second 
SEM Scanning electron microscopy 
TSB Tryptic soy broth 




List of Figures  
Figure 1.1 Examples of orthodontic elastomeric O-rings…………………………………………………..………………..3 
Figure 1.2 An example of an intermaxillary elastic……………………………………………………………………………..4 
Figure 1.3 Sections of orthodontic chain…………………………………………………………………………………….………4 
Figure 1.4 A diagrammatic representation of the polymerisation process for polyurethanes……….…...5 
Figure 1.5 A diagrammatic representation of liquid and solid interfaces showing liquid-solid interfaces 
for different wetting states………………………………………………………………………………………………………………24 
Figure 1.6 A diagrammatic representation showing receding and advancing contact angles……………..25 
Figure 1.7 An explanation of the “lotus leaf effect”…………………………………………………………………………..27 
Figure 1.8 Comparison between the scales of a bullshark and micropatterning of SharkletTM……………29 
Figure 2.1 Type A Elastomer stretching jig …..……………………………………………………………………………………52 
Figure 2.2 The assembled Type A elastomer stretching jig demonstrating the different amounts of 
stretch performed in this study………………………………………………………………………………………………………..53 
Figure 2.3 Type B elastomeric stretching jig with spacer block in place…………………………………………….54 
Figure 2.4 Microscopes used for elastomer surface characterisation………………………………………………..54 
Figure 2.5 FTÅ200 goniometer used for contact angle measurement……………………………………………….56 
Figure 2.6 Surface characteristics of orthodontic elastomers when modified by different grit sizes and 
different levels of stretch………………………………………………………………………………………………………………….62 
Figure 2.7 Scanning electron microscope images of orthodontic elastomers and negative impressions 
of the orthodontic elastomers at various grit sizes and levels of stretch.….……………………………………….64 
Figure 2.8 Variation in contact angle with surface roughness when the droplet is viewed perpendicular 
to the direction of stretch of the orthodontic elastomers at different levels of stretch….………………..65 
Figure 2.9 Variation in contact angle with surface roughness when the droplet is viewed parallel to the 
direction of stretch of the orthodontic elastomers at different levels of stretch…..………………….………68 
Figure 2.10 Variation in bacterial adhesion represented by count of CFU of Streptococcus gordonii per 
mm2 according to surface roughness at different levels of stretch……………………………………………………71 
x 
 
Figure 3.1 Flowchart of experimental design……………………………………………………………….…………………123 
Figure 3.2 Geometry of the elastomer and the spacing block for the type B elastomer stretching 
jig………………………………………………………………………….……………………………………………………………………….124 
Figure 3.3 Growth curve for Streptococcus gordonii ATCC10558 in tryptic soy broth………………………126 
Figure 3.4 Scatter plots comparing surface characterisation of the original elastomer with the surface 
characterisation of the impression…………………………………………………………………………………………………127 





List of Tables 
Table 2.1 Pairwise comparison (P values) of perpendicular contact angle for different grit sizes………66 
Table 2.2 Pairwise comparison (P values) of perpendicular contact angle for different levels of 
stretch..……………………………………………………………………………………………………………………………………………66 
Table 2.3 Pairwise comparison (P values) of parallel contact angle for different grit sizes………………..69 
Table 2.4 Pairwise comparison (P values) of parallel contact angle for different levels of stretch..…..69 
Table 2.5 Pairwise comparison (P values) of bacterial adhesion for different grit sizes……………………..72 
Table 2.6 Pairwise comparison (P values) of bacterial adhesion for different levels of stretch………….72 
Table 3.1 Optical density (OD600) measurements for the growth of Streptococcus gordonii ATCC 10558 
in Tryptic Soy Broth medium…………………………………………………………………………………………………………..126 
Table 3.2 Model summary and parameter estimates for surface characterisation……………..……………127 
Table 3.3 Optical densities (OD600) measurements of the overnight cultures and day subcultures of 
Streptococcus gordonii ATCC 10558.…………………………………………………………………………….………………..128
1 
 






1.2 Use of orthodontic elastomers and elastics 
 
1.3 Orthodontic elastomer manufacturing process 
 
1.4 Mechanical properties of orthodontic elastomers  
 
1.5 Biofilm formation around orthodontic elastomers 
 
1.6 Attempts to reduce and inhibit biofilm formation on orthodontic elastomers 
 
1.7 Surface properties of orthodontic compounds 
 
1.8 Polymer surface modification 
 








1.1 Introduction  
The practise of orthodontics involves the application of force to a tooth. This force causes 
bone resorption on the pressure side and bone apposition on the tension side, resulting in a 
tooth movement (Proffit et al., 2014, Shoji-Matsunaga et al., 2017). The application of this 
force relies on orthodontic appliances which are usually placed intraorally (Cobourne and 
DiBiase, 2016); and this force can be generated by orthodontic materials, such as metallic 
archwires, springs, coils, screws, and elastomers.  
Orthodontic elastomers are commonly used in orthodontics to facilitate orthodontic tooth 
movement and to ligate archwires to the brackets that have been cemented onto the teeth 
(Proffit et al., 2014, Cobourne and DiBiase, 2016). An inevitable consequence of the use of 
orthodontic elastomers is the retention of plaque and the potential sequelae of oral biofilm 
diseases such as caries and periodontitis.  
The focus of this literature review will be on the uses of orthodontic elastomers, the plaque 
retentiveness of elastomers, the manufacturing process, modifications that have been 
explored in the past to attempt to reduce biofilm formation, the surface geometry of 
elastomers, as well as past research in which the surface geometry of orthodontic elastomeric 




1.2 Uses of orthodontic elastomers and elastics 
According to the International Union of Pure and Applied Chemistry, an elastomer is defined 
as a polymer that displays rubber-like elasticity (Aleman et al., 2007), or a material that, after 
substantial deformation, rapidly returns to their original dimensions (Baty et al., 1994). 
Natural latex elastomers have been used since the early days of orthodontics and are still 
used today for their high flexibility and low cost (Barrie and Spence, 1974, Kanchana and 
Godfrey, 2000, Notaroberto et al., 2018), but there is an ever present risk of latex 
hypersensitivity associated with natural elastomers (Notaroberto et al., 2018). This problem 
has been addressed with the introduction of synthetic elastomers composed of 
polyurethanes (Baty et al., 1994). The other key advantage of synthetic elastomers is that they 
are less sensitive than natural latex to free radicals generated from ozone and ultraviolet light 
that occur in the natural environment, which weakens the elastomer causing loss of flexibility 
and tensile strength as well as discolouration (Singh et al., 2012). 
Elastomers have been used extensively in orthodontics. One use is ligation. This uses a simple 
O-ring made by extrusion or injection moulding of polyurethane thermoplastic elastomer 
(PTPE) (Condò et al., 2013) or a thermosetting polyurethane (TSU) (Keller et al., 2021). The O-
rings are stretched over the wings of an orthodontic bracket to ligate, or secure, a wire into 
the bracket slot. These ligatures are usually chosen over other means of ligating such as pins, 
stainless steel and self-ligating clips, due to their low cost, the ease of application, reduced 
chair time, and patient comfort and satisfaction (Nakhaei et al., 2017). Examples of 
orthodontic elastomeric O-rings and their application are shown in Figures 1.1 and 1.2, 
respectively. 
Another use of elastomers in 
orthodontics is the use of inter- 
and intra-maxillary elastics in 
order to facilitate a specific tooth 
movement or traction. This is 
essentially the use of removable 
“rubber bands” which the patient 
can place and remove in order to 
Figure 1.1: Examples of Orthodontic Elastomeric O-Rings 
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traction teeth. They are usually used to close 
spaces, correct a molar relationship, to 
provide extra-oral traction, correct vertical 
problems like open bites, to correct 
rotations, crossbites and improve 
intercuspation (Singh et al., 2012). An 
example of how elastics are used in 
orthodontics is shown in Figure 1.2. 
The third use that will be discussed in this 
review, and which will be the main topic of the review, is the use of elastomeric chains. These 
are essentially circular links joined by connectors of varying lengths (Stroede et al., 2012) 
ligated to multiple teeth that, when stretched, apply traction (Figure 1.3). These elastomeric 
chains are used to generate light, and relatively continuous, forces to close diastemas, assist 
with space closure, correct rotations, and cause arch constriction (Baty et al., 1994). Examples 
of orthodontic elastomeric chain are shown in Figure 1.3 and an example of it in use is shown 
in Figure 1.2.  
The focus of this review relates 
specifically to elastomeric chain, the 
challenges it brings to orthodontics such 
as biofilm formation and attempts in 
the past to solve this, its manufacture, 
its mechanical properties, surface 
properties, as well as attempts to 
modify the surface properties of other 
polymers, elastomers and elastics.  
  
Figure 1.3: Sections of orthodontic chain. These are stretched 
to provide force to pull teeth towards each other. These can 
come in a variety of colours and can have connectors or no 
connectors between the circular links. No connector means 
the elastomer needs to stretch more than a connector which 
means more force.   
Figure 1.2: An example of an intermaxillary elastic. 
Note that the braces also have continuous chain 
running the length of the lower arch and from the 
maxillary right first molar to right lateral incisor. The 




1.3 Orthodontic elastomer manufacturing process  
Orthodontic elastomeric chains consist mainly of clear resins or polyurethane; however, the 
exact composition is considered to be a trade secret by most companies and each brand tends 
to have slightly different mechanical properties. This is due to different additives, different 
morphological and dimensional characteristics, such as geometry, the presence of an 
intermodular link, or to different manufacturing techniques (Wong, 1976, Eliades et al., 2004, 
Bousquet et al., 2006, Halimi et al., 2012). Polyurethane is the name for a generic artificial 
elastomeric polymer manufactured from polyester and polyether glycol or from 
polyhydrocarbon diols and diisocyanate. There are also polyurethanes which are made from 
methylene diphenyl diisocyanate (MDI) and polycaprolactone diol (PCL-530) as well as the N-
bis(hydoxyethyl)-2-aminoethanesulfulonic acid (BES) chain extender (Zhang et al., 2008, 
Halimi et al., 2012). The polymerisation process is a stepwise reaction where monomers form 
dimers, trimers, oligomers and then long chain polymers. A diagram of the polymerisation 
Figure 1.4: A diagrammatic representation of the polymerisation process for Polyurethanes (Zhang et al., 
2008). The two reagent monomers are: MDI - methylene diphenyl diisocyanate PCL530 – Polycaprolactone.  
Solvent: DMSO – Dimethyl sulfoxide. Chain extender: BES – N, N-bis (2 hydroxyethylhydroxyethl)-2-
aminoethane-sulfonic acid, MIDE – 2-2-(methylamino) diethanol (MIDE), product: MP530 – Polymer formed 
from a combination of MDI and PCL530. 
6 
 
process is shown in Figure 1.4. These polyurethane units all contain a –(NH)-(C=O)-O- unit that 
link the MDI and the PCL530 together within the chain and the polyurethane used for 
orthodontic elastomers are thermosetting whereby the elastomers are cross-linked 
irreversibly (Eliades et al., 2004, Sawhney et al., 2018). 
After the material has been manufactured, there are two ways in which it can be processed 
into orthodontic elastomeric ligatures or chains. These consist of injection moulding, where 
the molten material is injected into a mould and then allowed to set, as well as die cut 
stamping where the processed sheet is “stamped” with a cutting mould that is shaped 
appropriately (Eliades et al., 2004, Bousquet et al., 2006, Sawhney et al., 2018).  
It has been found, in an in vitro study, that die-cut stamped elastomeric chains maintained a 
higher force level after mechanical loading compared with injection moulding over the same 
time period and therefore displayed less creep and stress relaxation (Hershey and Reynolds, 
1975). A more recent study comparing force decay, however, found no significant differences 
between the two types of processing (Bousquet et al., 2006). There have been no studies, to 
the knowledge of the author, investigating whether there is a difference between the two 
different processing methods in regard to biofilm formation. The manufacturing method may 
also be critical for any surface modification of the elastomer since modification en-masse 




1.4 Mechanical properties of orthodontic elastomers  
An elastomer exhibits a rapid and large reversible strain in response to stress, and has a low 
Young’s Modulus (Shanks and Kong, 2013). Elastomeric compounds are used in orthodontics 
because of properties such as pliability, elasticity, ease of use, cost, less risk of intraoral 
trauma and the fact that once placed they do not require the cooperation of patients (Stroede 
et al., 2012, Kardach et al., 2017). The fact that such materials can be tensed and store energy 
which can be recovered, a concept which is defined as resilience, makes them useful for tooth 
movement (Wong, 1976). This stored energy is converted into tensile force which then effects 
orthodontic traction.  
The molecular reasons for these physical properties reside in the fact that they consist of a 
network of polymer coils which are connected by cross links. The coils then fold back on 
themselves to form a random network. This folding back of coils is due to the weak secondary 
molecular bonds that occur at different points within the polymer chain. On extension, with 
the disruption of the secondary bonds these coils unfold to become an orderly linear chain. 
However, crosslinks still occur at some points along the chain, these are the primary bonds. 
The release of extension allows the chain to return to its original folded form provided the 
traction does not cause rupture of the primary bonds. If primary bonds are broken, 
permanent deformation occurs (Baty et al., 1994, Shanks and Kong, 2013). The desirable 
property of resilience is then lost. For example, when elastomers are exposed to the oral 
environment and they are extended they absorb water and this can lead to a breakdown of 
internal bonds resulting in permanent deformation (Baty et al., 1994). Another cause of loss 
of elastic properties is creep and stress-relaxation which reduce the force that the chain can 
provide (Baty et al., 1994, Eliades et al., 2004, Baratieri et al., 2012). Creep is defined as the 
tendency for a material to undergo permanent deformation over time when a constant 
mechanical stress is applied to it, whereas stress relaxation is the time dependent reduction 
of stress of a material under a constant strain (Jones and Ashby, 2011). 
One of the major mechanical problems that occurs with the use of elastomeric chains in 
orthodontics is force degradation. This has been examined extensively, and one author who 
undertook a review of this research found that across 26 studies, at 1 day after intraoral 
loading, orthodontic elastomers had lost 50% to 70% of their initial force, and at 3 weeks, 
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they retained only 30% to 40% of the original force (Baty et al., 1994). This review noted that 
there are divergent reports within the literature of the amount of initial loading needed to 
get the force required to move teeth. This loading varied between studies, due to different 
test conditions and different products, the compositions of which are a proprietary secret for 
manufacturers. This study also examined the effect of pre-stretching the elastomer in order 
to reduce the rapid decay rate and provide a more consistent force. It found that the effect 
of pre-stretching on reducing the decay rate was statistically significant but any clinical benefit 
was questionable (Baty et al., 1994). Another review by Halimi et al. stated that the force from 
elastomers is not constant over time and that decay occurs quickly and suggested some 
mechanisms to prevent the rapid force decay (Halimi et al., 2012). These included 
overstretching to increase initial force, stretching the chain slowly over a longer period of 
time, extending the chain by 50%-70% of its initial length to achieve desired light force, pre-
stretching, and using NiTi springs (Halimi et al., 2012). A recent study has investigated the 
addition of reversible crosslinks of allophanate groups to the thermoplastic polyurethane 
structure of orthodontic elastomers as this may help reduce stress relaxation (Mehrbakhsh et 
al., 2021). The study showed that these crosslinks contributed in an in vitro environment to 
prevent water absorption and increase shape memory, thereby reducing stress relaxation. 
Thus, the elastomer material itself affects force decay and stress relaxation. One in vitro study 
compared crosslinked thermosetting polyurethanes with thermoplastic polyurethanes and 
found that over 21 days a thermosetting polyurethane was able to maintain 70-80% of its 
initial force opposed to less than 40% for the thermoplastic polyurethanes (Keller et al., 2021). 
Another study investigating the force degradation of elastomeric chains is that of Mirhashemi 
et al. (2012). This in vitro study compared conventional chains and memory chains. Memory 
chains are elastomers that have been modified in order to improve shape memory. This 
modification is achieved with additives, which are usually a proprietary secret, to the 
polyurethane during processing and it is claimed that they provide adequate force over a 
longer time period with minimal decay. This study examined conventional and memory chain 
elastomers from 3 manufacturers; American Orthodontics, GAC and Ortho-technology 
(Mirhashemi et al., 2012). They found that the mechanical properties of different elastomer 
brands varied significantly, the force at initial 100% elongation was lower in a memory chain 
but the rate of force decay was lower, force loss patterns were different for memory and 
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conventional chain but followed a similar pattern within each group and that memory chains 
produced more favourable clinical behaviour (Mirhashemi et al., 2012). This result was 
substantiated in other studies (Baratieri et al., 2012, Kardach et al., 2017). More recently 
these results have been further corroborated by a study that showed that not only were there 
differences in tensile force and tensile extension between the brands, but that there were 
significant differences in mechanical properties over a time frame of 6 weeks depending on 
whether a dry environment, artificial saliva or an oral environment were used (Lawal et al., 
2019). 
Another factor that has been studied was how chain geometry affected mechanical 
properties. This was performed as an in vivo  and in vitro study which examined whether chain 
geometry (that is whether it is open, where the chain has an intermodular link, or closed, 
where there is no intermodular link) influenced permanent elongation, tensile strength and 
toughness (Eliades et al., 2004). This study also examined differences between brands of 
elastomeric chains. The brands examined were Elasto-force by Dentaurum, Generation II by 
Ormco and Alastik by 3M Unitek. Testing was performed on the product as it was supplied by 
the manufacturer, intraorally and with a steady strain in air, both for 24 h. The conclusion of 
this study was that chain design (open vs closed) did not affect permanent deformation 
amongst the same brand, and there was no significant difference between ‘as supplied’, 
‘stretched in air’ and specimens ‘retrieved’ after intraoral use, in terms of tensile strength and 
toughness (Eliades et al., 2004). This result was contradicted by a more recent study which 
stated that closed chains have higher initial and final force, as well as force decay compared 
with open chains (Mousavi et al., 2020), indicating that there is some controversy over 
whether open or closed chain produce more force. This paper also recommended using 
longer chains with less activation in order to minimise the forces as well as the decay (Mousavi 
et al., 2020).  
Elastomeric chain can be coloured for patient preference, and one study examined how both 
colour and brand affect the viscoelastic properties of the chain, this study found that colour 
differences had small statistically significant differences with minimal clinical significance. 
However, there was a statistically significant difference that was likely to be clinically 
significant between the brands Sunburst by GAC, Alastik by 3M Unitek and Energy by Rocky 
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Mountain Orthodontics, with the 3M Alastik showing greater viscoelasticity than the others 
(Stroede et al., 2012).  
One final factor, that may compromise the mechanical properties of orthodontic elastomers, 
is that of how certain foods interact with orthodontic elastomers to change their properties. 
A recent study examined the effect of citric acid, a weak acid that exists in many foods, on 
orthodontic elastomers. It was found that under in vitro conditions, 10 mL of citric acid 
exposure for 90 s everyday causes a reduction in the mechanical properties of orthodontic 
elastomers and therefore reduces the forces applied by elastomeric chain (Khaleghi et al., 
2021). Therefore, it is noted that certain foods or additives can affect the properties of 
elastomers. This may be related to pH or some other chemical interaction. If this reduction in 
force is caused by a pH reduction associated with citric acid, then pH reductions associated 
with cariogenic biofilms may also affect the forces applied by elastomeric chains.  
Consideration of mechanical properties is important for all experiments involving orthodontic 
elastomers and surface modification, which is the subject of this thesis.  This is to ensure they 
maintain clinical utility and experience no detrimental loss of properties. Another factor 
worth considering for further study is that it is recognised that water absorption by 
elastomers can affect their physical properties causing a loss of tensile strength, therefore it 
can be hypothesised that surface modification in order to make the elastomer more 
hydrophobic may prevent this from occurring and therefore the orthodontic elastomer may 




1.5 Biofilm formation around orthodontic elastomers  
One of the major challenges facing modern orthodontics is the prevention and management 
of biofilm formation around orthodontic devices. Fixed appliances pose problems since they 
have a large number of retentive sites favouring plaque accumulation, biofilm growth, enamel 
decalcification and inflammation (Condò et al., 2013, de Freitas et al., 2014, Ren et al., 2014, 
Sawhney et al., 2018). These retentive sites have been found to be around the gingival cuff 
and behind the archwires of fixed appliances especially on the maxillary lateral incisors and 
canines (Mei et al., 2017).  The appliances essentially alter the coronal anatomy of the teeth 
which increases this retention and makes plaque control more difficult (Sawhney et al., 2018). 
The risk of periodontal disease and white spot lesions also increase because of all the 
components of the fixed appliance including brackets, wires, bands and ligatures. Increased 
risk of oral disease is due to the reduced efficiency of physiological mechanisms of self-
cleansing; mechanical cleansing by the tongue and cheeks is impeded as is saliva flow around 
the orthodontic appliances. Other reasons for reduced oral health is increased plaque 
retention, increased biofilm thickness and changes in the bacterial composition and quantity, 
as well as compression effects of the appliance causing irritation and damage to the mucosa 
(Condò et al., 2013, Sawhney et al., 2018). It has also been speculated that the risk of 
bacteraemia and infection also increases when orthodontic appliances are in place (Chung et 
al., 1986, Sawhney et al., 2018). The ability to clean around orthodontic appliances with 
mechanical biofilm removal methods such as toothbrushing is also significantly reduced (Ren 
et al., 2014). 
In order to meet the challenge of biofilm formation around orthodontic elastomers, one must 
understand the mechanism of intraoral biofilm formation as well as the structure of 
established biofilms. Biofilm formation is a dynamic process (Hall-Stoodley and Stoodley, 
2002, Berger et al., 2018) and begins with the attachment of planktonic microorganisms to a 
surface (Hall-Stoodley et al., 2004). For this attachment to occur, an ordered series of events 
takes place. The first stage of oral biofilm formation is the generation of a salivary pellicle. 
This pellicle is an acellular insoluble layer approximately 0.1 to 1 µm thick derived from 
mucinous glycoproteins, as well as lipids and carbohydrates from saliva. This acquired pellicle 
forms within seconds to minutes of a cleaned tooth being exposed to saliva (Liljemark and 
Bloomquist, 1996). The pellicle has several functions including surface protection, lubrication, 
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remineralisation and hydration. It also acts as diffusion barrier, has antimicrobial properties 
and possesses buffering ability (Lindh et al., 2014).  
The establishment of an acquired pellicle is mediated by physicochemical determinants. 
Namely, that for spontaneous adsorption at solid-liquid interfaces, such as between saliva 
and a solid object, according to the Gibbs Law of Free Energy more energy has to be released 
than gained, meaning there must be an entropy gain and enthalpy decrease (Hannig and 
Hannig, 2009). This adsorption is a result of molecular interactions that happen between all 
components, that is the fluid, solid and dissolved proteins. The polarity of components is 
important as this reflects whether the components involved are hydrophilic or hydrophobic. 
Different forces relevant for protein adsorption act over different ranges. Long-range forces 
include Van der Waals forces and Coulomb forces, whereas medium-range forces include 
hydrophobic and hydrophilic forces and short-range forces include electrostatic interactions, 
Lewis acid-base interactions as well as covalent and hydrogen bonds. These forces determine 
which proteins are adsorbed as well as the conformation of proteins after adsorption (Hannig 
and Hannig, 2009). 
Regarding a liquid-solid interface, the variables that best describe the adsorption of a liquid 
onto a solid surface are the surface free energy and the contact angle. Surface free energy is 
defined as the energy of a solid surface (measured as mJ/m2), which is the equivalent of the 
surface tension of a fluid; the higher the free energy the more likely an adhesive bond will be 
formed between the liquid and the solid (Packham, 2003, Hannig and Hannig, 2009). It is 
important to note that the higher the surface energy, the more likely microbes are to attach 
to that surface (Sawhney et al., 2018). A property closely linked with surface free energy is 
that of contact angle which is simply the angle formed between a droplet and a surface. The 
larger the angle the less adhesion there is between the liquid and solid and therefore the 
more hydrophobic the surface is (Packham, 2003). 
The relevance of the pellicle to microbial adhesion is that it contains receptors for bacteria 
(Hannig and Hannig, 2009). Modes of bacterial attachment to this pellicle include via flagella, 
pili, proteins and polysaccharide adhesins (Berger et al., 2018) as well as short-range and long-
range forces, which commence as reversible attachment before the bacteria are irreversibly 




The initial ‘pioneer’ species in dental biofilm formation consist of Actinomyces species, which 
are then followed by Streptococcus gordonii, Streptococcus mitis, Streptococcus sanguinis and 
Streptococcus oralis at approximately 2 to 6 hours after pellicle formation (Nyvad and Kilian, 
1987, Li et al., 2004, Park et al., 2020). After approximately 8-12 hours, dental plaque forms a 
multi-layered structure with specific mechanisms holding it together, including salivary 
components such as agglutinins, and these influence the interactions between cells of the 
same and different species and the biofilm becomes increasingly large, complex and 
potentially harmful (Liljemark and Bloomquist, 1996). An important aspect of biofilm 
formation is the production of extracellular polysaccharides by the bacteria which forms a 
matrix and makes up 50-95% of the dry weight of plaque. This matrix provides structurally 
integrity to the plaque and provides additional sites for microbial binding as well as protection 
of the microbes within the biofilm from environmental insult. The extracellular matrix binds 
essential nutrients, acts as a buffer, retains extracellular enzymes and enhances substrate 
utilisation by bacterial cells (Marsh and Bradshaw, 1995, Socransky and Haffajee, 2002). This 
matrix acts as a barrier to the penetration of antimicrobial agents and so microorganisms 
within biofilms often display drug resistance (Ren et al., 2014). 
Orthodontic appliances are composed of metals and polymers which are substances not 
normally found within the mouth. Their use increases the number of plaque retentive sites. 
The site of bracket placement also contributes to the extent of biofilm formation. Labial and 
maxillary surfaces are more prone to biofilm formation than lingual and mandibular surfaces. 
Studies have found that maxillary lateral incisors and canine teeth are the regions most prone 
to biofilm formation in patients receiving orthodontics (Ren et al., 2014, Mei et al., 2017). 
Biofilm formation will occur on all surfaces in the oral cavity whether natural or foreign in a 
similar way (Ren et al., 2014), however the formation and composition of an acquired pellicle 
vary according to different surfaces depending on the surface roughness, surface energy and 
hydrophobicity, although the underlying mechanisms are not well understood (Song et al., 
2015). An in vitro study, where the initial Streptococcus sobrinus biofilm formed on 
components of orthodontic appliances was investigated found that biofilm formation was 
surface dependent, meaning that the adsorption patterns for different salivary proteins 
varied depending on the surface (Steinberg and Eyal, 2004). These differences are dependent 
on Van der Waals forces, electrostatic forces, hydrogen bonds, or hydrophobic interactions. 
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This study showed that salivary albumin and amylase adhesion could contribute to pellicle 
formation on hydrophobic surfaces. This protein presence was noted around elastomeric O-
rings which correlated with the amount of S. sobrinus that adhered to the elastomer 
(Steinberg and Eyal, 2004). 
Two review articles indicate that orthodontic appliances affect the microbiota of the oral 
cavity significantly (de Freitas et al., 2014, Lucchese et al., 2018). Both of them report that 
orthodontic appliances increase the number of Streptococcus mutans and lactobacilli species 
as well as the percentage of bacteria that are Gram negative anaerobes. A third review states 
that orthodontic appliances lead to an increase in the amount of biofilm around the tooth, 
gingiva and the orthodontic appliances, as well as a bacterial shift to more cariogenic and 
periodontopathic bacteria like S. mutans, Porphyromonas gingivalis, Prevotella intermedia, 
Prevotella nigrescens, Tannerella forsythia and Fusobacterium species (Ren et al., 2014). 
Sawhney and colleagues also noted an increase in aerobic and anaerobic bacteria numbers 
within the first three months of orthodontic treatment (Sawhney et al., 2018). 
The components of the fixed appliances, whether polymeric or metallic are likely to influence 
biofilm composition and quantity due to the different surface properties of these materials. 
In comparing steel ligatures (a metallic surface) with elastomeric rings (an elastomeric 
polymer surface) in an in vivo split mouth study, it was found that elastomers harboured 
increased numbers of periodontal pathogens such as P. nigrescens, and T. forsythia than steel 
ligatures as well as being associated with a higher plaque index score and bleeding index 
(Alves de Souza et al., 2008). This study only focused on periodontal pathogens and to date, 
there has been no study comparing the formation of dental plaque on elastomeric and steel 
ligatures. Literature on Candida colonisation orthodontic appliances or elastomers is scarce 
but it is noted that in one systematic review (Lucchese et al., 2018) that three studies  
reported that increase in concentration of Candida cells in oral microbiota occurred in 
patients undergoing orthodontic treatment (Hägg et al., 2004, Arslan et al., 2008, Zheng et 
al., 2016, Lucchese et al., 2018).  
The comparison of dental plaque formation on elastomeric and stainless-steel ligatures has 
shown mixed results. Garcez et al. (2011) conducted an in vitro study where denture teeth 
were bonded with a bracket that was either self-ligating, ligated with stainless steel ligatures 
or ligated with elastomeric rings. The denture teeth were immersed in a suspension of S. 
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mutans cells and it was found that teeth ligated with elastomeric rings acquired more S 
mutans biofilm than steel wire (Garcez et al., 2011). A pilot study by Gameiro et al. (2009) 
involved the in vivo placement of an appliance which had an enamel block on it to which 
orthodontic brackets were bonded. These brackets were ligated with steel ligatures or with 
elastomeric rings. The appliances were worn by volunteers and eight times a day the 
appliances were removed and had a 20% sucrose solution dripped onto the enamel blocks. It 
was found that there was no significant difference between biofilm weight, total bacteria or 
counts of total Streptococcus, S. mutans or Lactobacillus associated with the ligation method, 
but there was a trend of more enamel demineralisation around the elastomeric O-rings than 
the steel ligatures (Gameiro et al., 2009). This study was hampered by a small sample size of 
only four volunteers.  
In another study comparing steel and elastomeric ligatures in vivo, three different ligation 
systems (ring shape clear latex, ring shape grey polyurethane, and slide low-friction ligatures) 
were compared to stainless steel ligatures with the outcome measure being the presence of 
plaque quantified by spectrophotometry and morphologic observations by scanning electron 
microscopy (Condò et al., 2013). It was found that elastomeric ligatures showed lower 
amounts of plaque than stainless steel ligatures, but there were no significant differences 
between the ligation systems. Another in vivo study involving 12 patients showed a 
contrasting result (Forsberg et al., 1991). It was found that over a period of six weeks, 
elastomeric rings acquired a significantly greater number of microorganisms than steel 
ligatures with increases in the counts of S. mutans and Lactobacillus. These findings were 
substantiated by a more recent in vivo split mouth study which showed that in 21 patients, 
over a period of five weeks, the elastomeric rings had a slightly increased number of 
microorganisms compared with steel ligatures (Alves de Souza et al., 2008). Another in vivo 
study compared elastomeric ligation and steel ligatures in terms of clinical indicators of 
gingival bleeding and plaque scores and found that steel ligation led to significantly better 
outcomes than elastomeric ligations in this respect (Alves de Souza et al., 2008). 
A substantial amount of research has taken place to determine whether self-ligating brackets 
lead to a reduction in the burden of biofilm formation compared to elastomeric ligated 
brackets. Four systematic reviews have been undertaken to determine if “conventional 
ligation” or self-ligating bracket systems perform superiorly in terms of biofilm reduction. 
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Three of these reviews showed no significant difference between the two systems for clinical 
or microbiological outcomes (do Nascimento et al., 2014, Arnold et al., 2016, Yang et al., 
2017). This conclusion was contradicted by another systematic review showing that self-
ligating brackets promoted less adhesion of S. mutans (Longoni et al., 2017). These reviews 
did not specify if the “conventional ligation” group ligated their brackets with elastomeric 
ligatures or steel ligatures and all of them included at least one trial that either did not specify 
either or used both types of ligation in the “conventional group”. Some randomised control 
trials (RCTs) have been conducted that specify that elastomeric ligation was used in one 
group. The results of these have been mixed with some RCTs showing no significant difference 
between the two different bracket types (Buck et al., 2011, Folco et al., 2014, Ireland et al., 
2014, Chhibber et al., 2018) and some showing better outcomes with self-ligating brackets 
(Pellegrini et al., 2009, Nalçacı et al., 2013, Bergamo et al., 2016, Bergamo et al., 2017, 
Bergamo et al., 2019).  One systematic review could not recommend one form of ligation over 
the other in order to manage biofilms more successfully (Skilbeck et al., 2021)(Appendix 3.4). 
To investigate whether clear aligners can eliminate the problem caused by elastomers a 
three-arm RCT was performed by Chhibber et al. (2008). This study, which enrolled 71 
participants, compared clear aligners with self-ligation and conventional elastomer ligation. 
The outcome measures were plaque index, gingival index, periodontal bleeding index, and 
they were measured over a period of 18 months. The study found that there was a significant 
difference in outcome; self-ligation or clear aligners did not mitigate problems associated with 
conventional elastomer ligation (Chhibber et al., 2018).  
The data comparing the bacterial adhesion properties of elastomeric chain with elastomeric 
O-ring ligatures or stainless-steel ligatures appear to be scarce. One in vivo study, however, 
has compared bacterial adherence to elastomeric chain with a control, which was stainless 
steel overties and underties. This study was conducted over a period of seven days in 13 
patients, with the outcome measure being S. mutans CFU (colony forming unit) counts 
adhering to the appliances. The study found that there was no statistically significant 
difference between adherence to elastomeric chain and steel ligatures but found that there 
was abundant biofilm formation across all groups (Shirozaki et al., 2017). 
One split-mouth in vivo study has compared bacterial adherence to elastomers of different 
colour and material (Sharma et al., 2018). Two-hundred and forty blue, pink, superslick and 
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clear transparent O-rings were collected from 40 orthodontic patients. They found that 
streptococci, staphylococci and aerobic lactobacilli adhered to elastomeric O-rings with the 
order being pink had the most adhesion, then blue, superslick and clear with the least (Sharma 
et al., 2018). 
Even with contrasting study results and a lack of understanding of specific adhesion 
mechanisms or factors affecting microbial growth on elastomers, it is evident that the 




1.6 Attempts to reduce and inhibit biofilm formation on orthodontic 
elastomers 
There have been many different strategies for inhibiting biofilm formation on surfaces. These 
have been studied extensively within many different disciplines and have been 
commercialised to varying degrees. Important surface factors that relate to bacterial 
attachment, as mentioned earlier, include texture, roughness, hydrophobicity, surface 
chemistry, surface energy, charge and the presence of, and type of, salivary pellicle. In terms 
of the bulk fluid in contact with the surface, the following variables are important in terms of 
bacterial attachment: movement/velocity, pH, temperature, presence of antimicrobial 
compounds, and nutrient availability. In terms of bacteria adhering to surfaces, important 
factors include: cell surface properties, hydrophobicity, extracellular matrix, appendages and 
signalling molecules (Simões et al., 2010). Having identified these factors, biofilm prevention 
strategies can then be targeted to the different stages of biofilm formation and growth.  These 
strategies include using small molecules which have a therapeutic effect which limit biofilm 
formation, prevent cell-to-cell communication, inhibit quorum sensing or cell growth such as 
chlorhexidine and quaternary ammonium products (Roy et al., 2017), as well as surface 
modifications such as bactericidal and bacteriostatic coatings, anti-adhesion coatings and 
changes in surface textures (Chen et al., 2013).  
In orthodontic patients, the most important biofilm management strategy is mechanical 
plaque removal by toothbrushing, and this cannot be substituted with any current chemical 
or other strategy. However, adjunctive chemical methods have been employed with fluoride 
compounds and chlorhexidine being the most well-known (Ren et al., 2014). Other strategies 
used in orthodontics to minimise biofilm formation include the modification of orthodontic 
materials. Previous research has investigated a number of methods by which modification 
can lead to an inhibition of biofilm formation. These have included adding fluoride to 
orthodontic adhesives, modification of the surface chemistry or the bulk material with 
chlorhexidine, as well as surface modification with silver nanoparticles and quaternary 
ammonium products (Ren et al., 2014). 
A number of studies have examined the incorporation of silver nanoparticles into orthodontic 
components (Mhaske et al., 2015, Metin-Gürsoy et al., 2016, Hernández-Gómora et al., 2017, 
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Espinosa-Cristobal et al., 2018), one of which looked at elastomers (Hernández-Gómora et al., 
2017). It has been found that silver, which is being used in other applications and disciplines 
to prevent biofilm formation, could be used within orthodontics and several studies have 
investigated this possibility. One study examined the use of silver nanoparticle coated 
brackets (Metin-Gürsoy et al., 2016). This was a two-group study on rats inoculated with S. 
mutans. The study group had nanoparticle coated brackets bonded and tied onto teeth and 
the control group had conventional brackets. It was found that the silver nanoparticle coated 
brackets had significantly fewer S. mutans cells attached than those without silver 
nanoparticles, and there was a reduction in smooth surface caries in the silver nanoparticle 
group (Metin-Gürsoy et al., 2016). This study also speculated about the antibacterial 
mechanism and proposed that the silver nanoparticles attached to the cell membrane, 
penetrated the bacteria, disturbed the cell respiration, and caused cytoplasm leakage through 
holes in the cell wall. Although this study lacked the use of an archwire or ligation which 
provide a plaque retentive undercut in the real clinical situation, it indicated that silver 
nanoparticles prevent biofilm formation. This study also noted that levels of silver in blood 
and saliva would need to be monitored in a real clinical situation (Metin-Gürsoy et al., 2016). 
Another study examined the effect of coating stainless-steel wires with silver nanoparticle on 
bacterial adherence in an in vitro setting (Mhaske et al., 2015). It was found that fewer 
Lactobacillus acidophilus cells adhered to the silver coated wires than to the conventional 
wires. Therefore it was concluded that this modification could be used to prevent plaque 
accumulation and dental caries in orthodontic patients (Mhaske et al., 2015). These findings 
have been substantiated by another study which compared the bacterial adhesion and biofilm 
growth on brackets and wires coated with nanoparticles of different sizes. It was found that 
smaller nanoparticles led to less S. mutans adhesion and less biofilm growth in vitro (Espinosa-
Cristobal et al., 2018).  
One in vitro study investigated coating orthodontic elastomers with silver nanoparticles 
(Hernández-Gómora et al., 2017). This study evaluated the antibacterial effects of silver 
nanoparticles synthesised on orthodontic elastomeric modules using clinical isolates of S. 
mutans, Lactobacillus casei and Escherichia coli using agar diffusion tests. It was found that 
the orthodontic elastomeric modules coated with silver nanoparticles all showed greater 
bacterial growth inhibition than the control orthodontic elastomeric modules. This study also 
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examined the physical properties of elastomers modified with silver nanoparticles and 
unmodified elastomers and found that maximum strength, tension and displacement were 
higher for modified elastomers than for unmodified elastomers; the reasons for this were not 
discussed in the study (Hernández-Gómora et al., 2017). 
Thus, it can be inferred that, in an in vitro setting, silver nanoparticle modification of 
orthodontic materials, including elastomers, can potentially reduce bacterial adherence and 
biofilm growth, however there are no in vivo studies or clinical trials to substantiate these 
results. There is an RCT in which silver zeolite, a porous crystalline structure that contains 
silver ions in its framework, was incorporated into orthodontic elastomeric o-rings. It was 
postulated that the silver zeolite would be released from the o-ring and have an antimicrobial 
effect. This study found, however, no difference between the elastomers containing silver 
zeolite and unmodified elastomers in terms of Mitis salivarius counts or total streptococci 
counts indicating that silver incorporated into o-rings in this form is not particularly beneficial 
in terms of reducing bacterial counts (Kim et al., 2012). There also appears to be a lack of 
studies assessing the toxicity and biocompatibility of orthodontic appliances modified with 
silver. 
Another antimicrobial modification that has been studied involves infusing polyurethane 
orthodontic chains with chlorhexidine salts. One in vitro study has examined the effect of 
chlorhexidine containing elastomers on the growth of Staphylococcus epidermidis (Padois et 
al., 2012). This study first compared the release of two chlorhexidine salts, chlorhexidine 
diacetate and chlorhexidine digluconate, at two different concentrations (10% w/w and 20% 
w/w). It was found that orthodontic chains containing higher concentrations of the salt 
released chlorhexidine at a faster rate and that chlorhexidine digluconate had a higher release 
rate than chlorhexidine diacetate. The release showed a “burst effect” in which a fast and 
greater release of the chlorhexidine component occurred within the first 24 hours followed 
by a slower sustained release over 42 days. The elastomers were constructed in such a way 
that a middle layer of polyurethane was infused with chlorhexidine and put between two 
uninfused layers of polyurethane. It was found that the chlorhexidine salt passed through the 
uninfused layer effectively(Padois et al., 2012). The effect of the infused orthodontic chain 
immersed in 0.2% chlorhexidine acetate on the growth of S. epidermidis was also compared 
with uninfused chain. It was found that there was greater inhibition of bacterial growth 
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around the infused chain compared to the uninfused chain (Padois et al., 2012). This study 
demonstrated that there was sustained chlorhexidine release over several weeks and that 
there was a significant antimicrobial effect. This study used a high percentage of chlorhexidine 
but did not show if there were significant changes in the physical properties of the loaded 
chain. The findings were substantiated by a recent study in which chlorhexidine 
hexametaphosphate was used as a coating for elastomeric o-rings in an in vitro setting, and 
which reported continuous release of chlorhexidine from ligatures over a period of eight 
weeks (Kamarudin et al., 2020). This study found no significant difference between the 
breaking force and extension of coated and uncoated elastomeric O-rings (Kamarudin et al., 
2020). Studies have shown that chlorhexidine gel applied topically onto chain does not affect 
its physical properties (Pithon et al., 2012, Losito et al., 2014), however one study has shown 
that chlorhexidine mouthwash can cause an increase in the orthodontic force decay of 
elastomeric chains (Omidkhoda et al., 2015).  
Another in vitro study examined the effect of chlorhexidine salts on the prevention of oral 
disease. The methodology consisted of coating the orthodontic chain with a layer of ethyl 
cellulose that contained chlorhexidine. The orthodontic chain was found to have significant 
antimicrobial properties over a period of 48 h with minimal loss of physical properties 
compared to control elastomeric chain (Jeon et al., 2015). This study, however, did not 
examine antimicrobial activity over a particularly long time period.  
In summary, in terms of using chlorhexidine salts as an antimicrobial agent embedded in, or 
coated on, orthodontic chain, the results are promising however more research is needed 
with respect to both physical property changes and antimicrobial activity over the long term 
as well as RCTs in vivo.  
Another antimicrobial agent that is well known within dentistry, and has many applications, 
is fluoride. This is a substance that has been used extensively in in-home care as well as in 
materials, namely adhesives specifically glass ionomer cements. One systematic review has 
looked at the prevention of white spot lesions around orthodontic brackets, and it concluded 
that adhesives containing fluoride prevented the occurrence of new white spot lesions 
around the brackets but did not help repair pre-existing lesions (do Nascimento et al., 2016). 
Neither this review nor further literature searches found any studies that investigated the 
modification of elastomers with fluoride. 
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Similarly, in searching the literature for reports on the modification of orthodontic elastomers 
with quaternary ammonium compounds, there are several studies investigating cements and 
resins (Melo et al., 2014, Sugii et al., 2017, Sharon et al., 2018) but none for orthodontic 
appliances or elastomers. This particular modification with quaternary ammonium 
compounds could prove worthwhile and future in vitro studies should assesses both the 
antibacterial and the mechanical properties of the modified elastomers.  
Regarding mechanical surface modifications of orthodontic elastomers, despite an exhaustive 
search of literature, no studies were found that investigated the effect of surface modification 
on orthodontic elastomer properties. Knowing that surface roughness changes can result in a 
change to the biofilm characteristics (Chen et al., 2013), an in vitro study of mechanical 
surface modification of elastomers is warranted to determine if this is a plausible and practical 




1.7 Surface properties of orthodontic elastomeric compounds 
The surface properties of interest for this review include the contact angle and water 
absorption. It is from the contact angle that the surface free energy can be calculated (Hannig 
and Hannig, 2009). Currently, no studies have been performed to relate microbial colonisation 
of orthodontic elastomers to a particular surface geometry or surface wetness of the ligatures 
or orthodontic chain. One study, however, has characterised the surface properties, including 
contact angle and water absorption, of orthodontic elastomeric chain from two different 
manufacturers (Cheng et al., 2017). This in vitro study found that the contact angles of 
unmodified orthodontic elastomer were 67.4% for 3M Alastik and 66.2% for Dyna-Link. A 
hydrophilic surface is defined as one with a contact angle of less than 90° whereas a 
hydrophobic surface has a contact angle of greater than 90°(Ragesh et al., 2014). This 
indicates that both orthodontic elastomeric chains are hydrophilic. Regarding the absorption 
of water, it was found that there was a 4% increase in weight for the 3M Alastik and 5% 
increase in weight for Dyna-Link after 48 h (Cheng et al., 2017). There has been research in 
which silica nanoparticles have been incorporated into thermoplastic polyurethanes which 
showed a  reduction in water absorption and an increase in hydrophilicity (Mehrbakhsh et al., 
2021). No articles could be found that examine or compare the surface geometry or 




1.8 Polymer surface physical modification 
The proposed study will investigate ways in which the surface properties of elastomeric chains 
can be modified such that physical properties can be maintained or improved, while at the 
same time reducing the propensity for biofilm formation on such a material. The methods 
that are to be employed involve the physical modification of the texture of the orthodontic 
elastomers in order to reduce adhesion of microorganisms to the surface. This type of 
modification has advantages since it involves the modification of an existing product not the 
development of a new product that, if used clinically, would be subject to regulatory 
approvals.  
The type of surface modification proposed involves simply altering the surface roughness. It 
is well known that surface roughness affects a material’s wettability and therefore its 
hydrophobicity. Whilst it is intuitive that increasing roughness will likely increase bacterial 
adhesion, it has been shown that if a superhydrophobic or superhydrophilic surface can be 
created, it can prevent adhesion of bacteria and it may be a promising method by which 
biofilm formation can be reduced (Oliveira et al., 2015, Falde et al., 2016). 
In order to understand the concept of wetting, which represents the tendency of liquid to 
form an interface with, and spread out along, a solid surface (Zisman, 1964, Yuan and Lee, 
2013), it is important to understand contact angles. A contact angle (𝜃) is defined as the angle 
formed by the intersection of the liquid-solid interface and the liquid-vapour interface 
provided by a tangent line from the contact point along the droplet edge (Figure 1.5) (Yuan 
and Lee, 2013). This angle indicates how the liquid-gas interface interacts with the solid. If 
this angle is small, that is less than 90°, it is because the liquid tends to spread out along the 
solid surface and adhesive forces between the solid surface and the liquid droplet 
predominate indicating the surface is hydrophilic and has a high degree of wettability (Zisman, 
Figure 1.5: A. A diagrammatic representation of liquid and solid interfaces on a regular smooth surface on the left, B. A 
Wenzel state in the middle and C. A Cassie-Baxter state on the right. Note that the liquid occupies the grooves in the 
roughness in a Wenzel state but not in a Cassie-Baxter state. Blue represents liquid, Red represents solid and yellow 
represents trapped air (Ragesh et al., 2014, Barati Darband et al., 2018). 
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1964). If this angle is greater 
than 90°, this indicates that 
there is a predominance of 
cohesion between the 
molecules of the liquid that 
make up the droplet and it will 
not spread out and this will 
indicate that the surface is 
hydrophobic and has a low 
degree of wettability (Zisman, 
1964). Contact angles can be defined as static or dynamic, and as an advancing contact angle 
or as a receding contact angle. A static contact angle is essentially the contact angle of a drop 
on a flat surface that is stationary, whereas dynamic contact angles are those that exist on a 
droplet in motion (Huhtamäki et al., 2018). Dynamic contact angles are variable and consist 
of the advancing contact angle, which is the contact angle given by a droplet spreading along 
a surface (Figure 1.6) (Marmur, 1994, Nilsson et al., 2010, Huhtamäki et al., 2018) and 
receding contact angle which is the angle formed by a the droplet edge of a wetted surface 
that is retreating and the surface is being de-wetted (Marmur, 1994, Huhtamäki et al., 2018). 
The difference between advancing and receding contact angle constitutes contact angle 
hysteresis and the static contact angle on the surface is at a point within this range (Zisman, 
1964, Marmur, 1994, Nilsson et al., 2010, Huhtamäki et al., 2018). A surface is considered to 
be superhydrophobic if the advancing contact angle is above 150° and the hysteresis is 
minimal, typically defined as less than 4° (Tadanaga et al., 2000, Nilsson et al., 2010). 
With regards to wetting, there are two well-known models that describe the wetting of a 
rough surface (Marmur, 2003, Nilsson et al., 2010). The first model is referred to as the 
Wenzel model and describes homogenous wetting on a rough surface. This means that 
wetting occurs equally within the peaks and the troughs of the surface. An equation that 
describes how the contact angle varies in relation to an ideal smooth surface, as described by 
the Wenzel model, is as follows:  
cos 𝜃 = 𝑟 cos 𝜃 (1) 
Figure 1.6: A diagrammatic representation showing the receding 
contact angle, where the wetted surface is being de-wetted and the 
advancing contact angle, where the dry surface is being wetted, 
contact angle hysteresis is the difference between the advancing and 
receding contact angles (Gundersen et al., 2014). 
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The parameters of this equation include ΘW which is the equilibrium contact angle on the 
rough surface undergoing this type of wetting and is the Wenzel contact angle. r is the 
roughness ratio which is the measured flat surface area divided by the geometric surface area 
that was measured taking into account the asperities, that is the ratio between the surface 
area including all of the peaks and troughs and the “flat” surface area. This number is 1(i.e. 
1:1) for a smooth surface but increases with roughness. Θ is defined as the contact angle 
between the liquid-vapour interface and the measured flat surface.  This model describes how 
the contact angle would vary on a rough surface as opposed to a smooth surface (Wenzel, 
1936, Marmur, 2003). From this it can be interpolated that for contact angles below 90°, that 
is for hydrophilic surfaces, the contact angle will reduce on a rough surface. Conversely, if the 
contact angle is above 90°, that is for hydrophobic surfaces, then the contact angle will 
increase on rough surfaces (Wenzel, 1936). In the Wenzel state, the contact angle hysteresis 
increases.  
The second model of wetting of a rough surface, the Cassie-Baxter model, describes 
heterogenous wetting. Heterogenous wetting is where the liquid does not fill the grooves on 
the surface completely and the surface is described as a mixture of solid and vapour, such as 
in a porous structure or in a structure in which vapour cannot be completely evacuated and 
air pockets remain trapped in the grooves (Cassie and Baxter, 1944).   
The Cassie-Baxter model is represented by the following equation:  
cos 𝜃 = 𝑓 𝑟 cos 𝜃 + 1 − 1 (2) 
The parameters of this equation are: ΘCB which is the Cassie-Baxter state contact angle which 
is analogous to the Wenzel state contact angle for this equation; f which is the fraction of the 
area that comprises the solid-liquid interface, which is less than 1 as not all of the area will be 
wet in heterogenous wetting; rf is the roughness of the wet fraction which, as for the Wenzel 
state, is greater than 1. Θ, as for the Wenzel state, describes the contact angle of the liquid 
vapour interface for the ideal surface (Cassie and Baxter, 1944, Marmur, 2003, Nilsson et al., 
2010). Unlike the Wenzel state, in a Cassie-Baxter state, the same relationship between 
measured contact angle and ideal contact angle for a smooth state does not exist. If air 
pockets exist between the surface and the liquid, then the surface is, in general terms, more 
hydrophobic than a surface without air pockets (Cassie and Baxter, 1944). These different 
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states will occur at differing levels of roughness. For example, if the surface asperities are high 
with little distance between the peaks, it is more likely air will be trapped under the droplet 
leading to a Cassie-Baxter state with a higher likelihood of hydrophobic behaviour. Conversely 
if the asperities are shallow with a wide distance between the peaks then a Wenzel state is 
more likely to be favoured. See Figure 1.5 For a diagrammatic representation of this (Lafuma 
and Quéré, 2003). 
A Cassie-Baxter state more accurately represents a hydrophobic state as the vapour being 
trapped between liquid and solid prevents wetting, however the surface needs to be 
sufficiently rough for this to occur. If the vapour phase cannot be trapped, the surface will be 
homogenously wetted and the Wenzel state will occur (Nilsson et al., 2010). 
According to the Cassie-Baxter equation, a surface can be modified and have sufficient texture 
to be super hydrophobic. This is called the “lotus leaf effect” and reflects the ability of the 
lotus leaf to repel water and self-clean (Gao and McCarthy, 2006, Bhushan, 2016). This 
texturing occurs with a high degree of complexity on a Lotus leaf which has different 
structures with different degrees of surface roughness. The effect has been replicated at a 
laboratory or industrial level with uniform roughness at one scale. This is demonstrated in 
Figure 1.7: An explanation of the "Lotus Leaf effect". A. A picture of a lotus leaf demonstrating antifouling characteristics 
in that dirt is being removed by water that does not wet the surface. B. SEM low magnification showing the roughness 
of the Lotus Leaf at a micro level, C. At higher magnifications there are even smaller papillae at a nano level. The second 
row shows some industrial applications of this effect with water droplets on the surface in the top right of each panel 
showing hydrophobic behaviour D. shows an AFM image of an integrated paint process coating, E. shows an SEM image 
of a polystyrene film F. Shows a silver nanoparticle composite array (Ragesh et al., 2014) 
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Figure 1.7. For such ‘superhydrophobic’ surfaces the contact angles are above 150° and the 
contact hysteresis is minimised (Nilsson et al., 2010). 
According to Barati Darband et al. (2018) there are several ways in which a surface can be 
made hydrophobic: by roughening a surface with low surface energy to increase its surface 
energy or smoothing a surface with high surface energy to reduce its surface energy. This 
article examined ways in which surfaces can be made superhydrophobic, but only examined 
chemical coatings in depth (Barati Darband et al., 2018). Both Barati Darband et al. (2018) and 
Kim (2008) reviewed superhydrophobic surface modifications such as roughening 
hydrophobic materials, hydrophobic treatments, or depositing additives which have 
hydrophobic properties on the surface (Kim, 2008, Barati Darband et al., 2018). 
Roughening hydrophobic materials involves methods such as plasma etching, in which high 
energy oxygen species generated by plasma randomly etch fluorinated polymers to vary the 
surface roughness. Other methods include laser abrasion processes and machining. Chemical 
etching, photo beam or electron beam lithography, and deposition processes such as vapour 
deposition, nanoparticle deposition, electrochemical deposition or the sol-gel process, are all 
ways in which a chemical coating can be added to the surface of the material to increase 
hydrophobicity. Depositing rough textures involves methods such as electrospinning or the 
deposition of inorganic materials on the surface (Kim, 2008, Barati Darband et al., 2018). 
Although these methods are innovative in the field of material sciences, they are expensive, 
not necessarily appropriate for polyurethane, or cause some sort of chemical change to the 
material.  
One study undertook a novel and simple approach to making Teflon™ superhydrophobic. This 
study found that Teflon™ had a smooth surface advancing contact angle of 128° and a 
receding contact angle of 78°. This contact angle could be changed by abrasion with 
sandpaper. The Coated Abrasive Manufacturer’s Institute (CAMI) grit designation indicates 
the coarseness of sandpaper: 600 grit sandpaper contains 600 particles per square inch and 
is fine sandpaper whereas 40 grit sandpaper has 40 particles per square inch and is coarse.  In 
modifying the Teflon™ with sandpaper from 600 grit to 40 grit it was found that the advancing 
contact angle increased as the grit particle size increased from 600 grit to 320 grit with little 
change in contact angle hysteresis. A maximum advancing contact angle of 151° was achieved 
with sandpaper between 320 grit and 120 grit. When sandpaper between 320 grit and 240 
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grit was used, the contact angle hysteresis dropped to approximately 4° at the 240 grit 
designation. The study reported that this reflects the transition from a Wenzel wetting state 
to a Cassie-Baxter wetting state. This indicates a superhydrophobic state, therefore this study 
describes a simple modification that generated a superhydrophobic surface (Nilsson et al., 
2010). This has the potential to be an inexpensive method to increase the hydrophobicity of 
orthodontic elastomers without changing its chemical composition. As it has been reported 
that both superhydrophilic and superhydrophobic surfaces have decreased protein 
deposition and bacterial attachment (Falde et al., 2016), it is reasonable to hypothesise that 
increasing the hydrophobicity of elastomers will impede microbial attachment. Other 
methods to achieve a similar surface may include sandblasting, which is commonly used to 
impart roughness and may produce more even surface characteristics, or other forms of 
abrasive machining such as grinding which can modify surfaces on different scales as well as 
water jet or ultrasonic machining (Arief and Chen, 2010, Kalpakjian and Schmid, 2020). 
There have been no studies to date to determine if mechanical surface modification of 
orthodontic elastomers can reduce plaque formation. However, in other biomedical fields 
surface modification can reduce micro- and macro-fouling and reduce biofilm formation 
(Chung et al., 2007, Schumacher et al., 2008, Reddy et al., 2011, Mann et al., 2014). In recent 
years there have been major advances in the development of surface topographies to reduce 
fouling. One of the most well-known of these is the SharkletTM surface. This surface was 
developed in 2007 by Anthony Brennan at the Department of Materials Science and 
Engineering, University of Florida, USA, and the topography was based on the antifouling 
characteristics of the skin of sharks. A poly(dimethyl siloxane) elastomer surface prepared 
with sharklet characteristics and a smooth surface were incubated with Staphylococcus 
aureus cells for 21 days and it was found that the smooth surface had an early colonisation at 
day 7 and mature biofilm at day 14 compared to the modified surface which showed no 
evidence of 
colonisation until day 
21 (Chung et al., 2007). 
There was also less 
colonisation on the 
modified surface Figure 1.8: The comparison between the scales of a bull shark (a) and the 
micropatterning of SharkletTM (Damodaran and Murthy, 2016) 
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compared to the smooth surface. The SharkletTM topography is described as having 
microscale ribs of various lengths in a repeating diamond micropattern (Figure 1.8) which 
prevents fouling and bacterial adhesion. The mechanism by which this occurs is the 
perturbation of the cell membrane of the bacterium which prevents adherence and cell 
growth. The surface area variations induce stress within the membrane of the microorganism 
which disrupts cell function, and this means that the microorganism needs to vary its energy 
usage to create an attachment which perturbs normal cell function and affects its 
homeostatic equilibrium. This occurs independent of the hydrophobicity or 
superhydrophobicity of the material (Schumacher et al., 2008).  
SharkletTM micropatterning has been applied to many biomedical devices. An in vitro study 
compared the growth of E. coli on micropatterned silicone urinary catheters to that on 
smooth surface equivalents (Reddy et al., 2011). They found a 64% reduction in adherent 
CFUs, a 47% reduction in bacterial coverage area, and a 77% reduction in colony size on the 
micropatterned surface compared to the non-patterned surface (Reddy et al., 2011). This type 
of micropatterning has also been used in the manufacturing of endotracheal tubes. An in vitro 
study measured growth and biofilm formation of known ventilator associated pneumonia 
pathogens such as MRSA, Pseudomonas aeruginosa, Klebsiella pneumoniae, Acinetobacter 
baumannii and E. coli and found that micropatterned endotracheal tubes showed significantly 
reduced adherence of all of these pathogens and concluded that micropatterning may 
prevent, or prolong, the onset of ventilator associated pneumonia (May et al., 2014). Similar 
reductions were shown with micropatterned wound dressings in preventing hospital acquired 
infections (Mann et al., 2014). Therefore, it can be hypothesised that similar modifications 




1.9 Surface characterisation methods 
There are many different experimental methods by which surfaces can be characterised. The 
two types of methods for surface characterisation are those that rely on contact with the 
surface and determine height differences from a plane perpendicular to the surface and those 
that do not rely on contact with the surface such as optical methods which look at lateral 
structure and provide spatial information (Butler, 2008). Contact methods involve stylus 
profilometers and scanning probe microscopy such as contact mode atomic force microscopy, 
whereas non-contact methods include confocal laser scanning microscopy, focus detection 
(optical profilometry), non-contact mode atomic force microscopy and scanning electron 
microscopy (Butler, 2008). Stylus profilometry has the advantage of being able to provide 
quantitative, three dimensional data at high resolution (15-100nm in spatial range and 0.1-
1nm in vertical range) (Bhushan, 2000) but may be inappropriate for assessment of 
elastomeric surfaces due to the fact that it may damage the surface. Also there is inaccuracy 
with contact methods on soft surfaces (Butler, 2008) meaning that it is likely that the probe 
will cause deformation of an elastic surface giving an inaccurate reading. There is a similar 
problem with contact mode atomic force microscopy (AFM) as the elastic property of the 
surface is likely to also give an inaccurate reading of the surface roughness. AFM involves 
using a small cantilever attached to a tip which deflects based on the intermolecular forces 
between the cantilever and the surface (Vahabi et al., 2013). The main advantage of this 
method is that it provides high resolution quantitative and qualitative data int the sub-
nanometer range. However, the main disadvantage of any form of atomic force microscopy 
is that the area scanned is much smaller (Bhushan, 2000) than the features that would likely 
be imparted by modifying the elastomer surface with coarse grit sandpapers and there is 
considerable technical difficulty in obtaining a large scan (Nilsson et al., 2010). A non-contact 
method for surface characterisation is confocal laser scanning microscopy. This works by 
recording sections of reflected light and then superimposing them on each other to create a 
three-dimensional image (Udupa et al., 2000, Fu et al., 2018). The benefits of this technique 
are that it can provide high resolution quantitative data over a large surface area with a fast 
acquisition speed (Butler, 2008, Fu et al., 2018). The disadvantages are that its accuracy is 
only guaranteed within the micrometre range and that surfaces need to be coated in order 
to be reflective, meaning that it is somewhat destructive (Fu et al., 2018). A further method 
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is that of scanning electron microscopy, whereby electrons in a vacuum are reflected from a 
conductive surface and detected with an electron receiver which then constructs an image of 
the surface. The benefit of this technique is the generation of a high-resolution (to 20 nm) 
quality image. But the drawbacks are that the image its strictly qualitative and no quantitative 




1.10 Conclusion  
Elastomers are essential biomaterials in clinical orthodontics. The formation of biofilms on 
orthodontic elastomers can lead to white spot lesions on tooth enamel. The management of 
biofilm formation on orthodontic elastomers is a challenge. There has been a plethora of 
research in the past which has attempted to address this problem with varying degrees of 
success. Mechanical surface modification, such as patterning, micropatterning or 
nanopatterning orthodontic elastomers, has the potential to reduce bacterial adherence and 
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2. Surface modification of orthodontic 
elastomers to overcome biofilm 























Introduction: One of the major problems for patients undergoing treatment with fixed 
orthodontic appliances is the development of oral biofilm-related disease. One way to 
potentially reduce biofilm formation is to modify the appliance surface characteristics to 
make it less adherent to bacteria. The aim of this study was to create a superhydrophobic 
surface on orthodontic elastomeric chain material to reduce bacterial adhesion.  
Materials and Methods: Orthodontic elastomeric material was modified with sandpaper of 
various grit sizes. Custom made jigs were used to stretch the elastomers to 150% and 200% 
of initial length. Surface characteristics were assessed quantitatively with confocal 
microscopy and qualitatively with scanning electron microscopy. Contact angles were 
measured using a goniometer. Bacterial adhesion was measured after incubating saliva 
coated elastomers with Streptococcus gordonii ATCC10558 for 30 minutes, by counting colony 
forming units on Columbia sheep blood agar plates.    
Results: Abrasion with sandpaper of grit size 80-600 produced elastomers with surface 
roughness (Ra) of 2-12 µm. The effect of extending these elastomers on roughness was 
variable. Contact angles were found to follow a quadratic trend with a maximum contact 
angle of 104°at an Ra of 7-9 µm. Maximum contact angles, when viewed perpendicular to 
stretch, were found to decrease from 104° to 95° when the extension was increased from 100 
to 200% and increased from 102° to 105° when viewed parallel to the stretch. Bacterial 
adhesion increased exponentially as roughness increased and this effect was more 
pronounced with elastomer extension.  
Conclusions: It was not possible to obtain a superhydrophobic surface, with an advancing 
contact angle >150° and contact angle hysteresis ≤ 4, using sandpaper abrasion. All surface 




2.2 Introduction  
Orthodontic elastomers are commonly used to generate orthodontic forces for facilitating 
tooth movements (Proffit et al., 2014, Cobourne and DiBiase, 2016). The placement of 
elastomers in the oral cavity, however, can promote biofilm formation which causes the 
potential sequalae of dental caries and periodontitis (Sawhney et al., 2018). It has been 
confirmed that orthodontic appliances with elastomers accumulate more biofilms than those 
without elastomers (Forsberg et al., 1991, Alves de Souza et al., 2008, Garcez et al., 2011). 
Many attempts have been made to minimise the effects of biofilm formation on orthodontic 
elastomers but without a satisfactory solution to date. A systematic review has shown that 
some studies favour the use of self-ligating brackets rather than elastomeric ligatures, while 
others show no difference in biofilm formation on these two types of ligation (Skilbeck et al., 
2021). Other means to address the problem of biofilm formation on elastomers involve 
modifications to the elastomer surface or structure itself. These include modifying the surface 
chemically to contain molecules that have antibacterial effects such as chlorhexidine, 
fluoride, silver nanoparticles or quaternary ammonium compounds (Padois et al., 2012, Ren 
et al., 2014, Hernández-Gómora et al., 2017, Roy et al., 2017). The limitations of these 
chemical modifications are potential changes in physical properties reducing clinical 
effectiveness in terms of generating forces for tooth movements, increase in cost, and 
possible regulatory hurdles for clinical use.  
In comparison, physical modification of elastomer surfaces is promising. For example, the 
SharkletTM, a physical modification of medical appliances to mimic the scales of bull sharks, 
has been found to be effective in controlling biofilm formation by perturbing bacterial cell 
membranes. This modification has been applied to wound dressings, endotracheal tubes and 
urinary catheters (Schumacher et al., 2008, Reddy et al., 2011, Mann et al., 2014, May et al., 
2014). Another antifouling physical modification of elastomer surfaces is to create a 
superhydrophobic surface (Oliveira et al., 2015, Falde et al., 2016). In nature, the lotus leaf, 
with a superhydrophobic hierarchial structure, in which there is a roughness imparted on a 
surface at both a microscopic and nanoscopic level, is known for its antifouling properties on 
a macroscopic level and this structure has been mimicked and applied in industry as paint 
coatings and on fabrics (Bhushan, 2016, Barati Darband et al., 2018). One study using 
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sandpaper abrasion of TeflonTM has produced a superhydrophobic surface, i.e. with an 
advancing contact angle of 150°, and 4° of contact angle hysteresis, using 240 grit sandpaper 
(Tadanaga et al., 2000, Nilsson et al., 2010).  
The aim of this research was: firstly, to investigate the surface roughness generated on 
orthodontic elastomers by various grits of sandpaper; secondly, to investigate the 
hydrophobicity (water contact angle) of the modified elastomer to evaluate whether a 
superhydrophobic surface can be created; and thirdly, to investigate the effect of the 
modifications on bacterial adhesion to the elastomer. As elastomers are stretched when used 
clinically, the effect of stretching the modified elastomers on surface roughness, 




2.3 Methods and materials  
2.3.1 Preparation of elastomeric material 
Elastomeric material was sourced from Ormco (Orange, California, USA). It was supplied as 
flat rolls of material 5 m long, 19 mm wide and 0.5 mm thick. The company manufactures 
their powerchain from these rolls by the die-cut stamped method. The use of the elastomeric 
material throughout this project is summarised in a flowchart of experimental design 
(Appendix 3.6). The rolls were cut into lengths of 70 mm, in order to fit into the stretching jigs 
as described in Section 2.3.2 and for ease of sanding, and then sanded with sandpaper of 
various grit sizes (Riken Corundum, Saitama Japan) using a polishing/grinding machine 
(Tegrapol-21, Struers, Ballerup, Denmark) at 150 rpm with water for 30 s with the direction 
of sanding being changed at random every 10 s. The elastomers were mounted with double 
sided tape on a 3D printed flat surface with a handle that facilitated easy handling of the 
elastomeric strips during the sanding phase. After sanding, the surface was visually inspected 
to ensure that even sanding had taken place and if not, then the surface was subjected to 
another 20 s of grinding.  
After sanding was complete, the lengths of elastomer were cut into three equal strips of width 
approximately 6.3 mm, to generate three replicates for the experiments described below. The 
elastomeric strips were cleaned for five minutes in deionised water using an ultrasonic 
cleaner in order to remove any debris or contaminants. The surfaces were then dried using 
compressed air and placed in a storage container until needed for experiments. The surfaces 
were not subjected to any chemical cleaning agents or solvents out of concern that this would 
alter the surface profile. If the elastomeric strips were re-used, then this ultrasonication and 
drying was repeated.  
2.3.2 Elastomer stretching jigs 
The strips of elastomer had to be stretched in order to simulate the conditions under which 
they are active during orthodontic treatment. To achieve this reproducibly with precision, two 
types of aluminium jigs were manufactured. The jigs were designed and manufactured by 
Emtech (University of Otago, Dunedin, New Zealand) according to the author’s specifications. 
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For most experiments the Type A elastomer stretching jig was used. This jig consisted of a flat 
base plate 68 mm long, 25 mm wide and 3 mm high with a stage 10 mm in length raised 4 
mm above the centre of the plate (Figure 2.1(a)). These dimensions were chosen in order to 
make the jigs compatible with the apparatus for the bacterial adhesion experiments meaning 
that they had to fit into 50 ml plastic tubes.  The base plate had two rows of two screw holes 
on one side and two rows of three screw holes on the other side for extension of the 
elastomer. At each of the ends were two movable clamping plates with the bottom one being 
4 mm in height and the top one being 3 mm in height When screwed together tightly using 
the four holes closest to the middle of the plate, these plates would fasten the elastomer in 
a relaxed state with a length of 10 mm. An exploded picture of the jig is shown in Figure 2.1(a) 
and a picture of the assembled jig is shown in Figure 2.1(c). Figure 2.1(b) show all the parts of 
the jig from top to bottom. The top plates have four screw holes of uniform size. The middle 
plates which together with the top plates clamp the elastomer, have two holes towards the 
Figure 2.1: Type A Elastomer stretching jig. (a) 
Exploded view of the elastomer stretching jig. 
Shorter screws go into holes towards the centre 
to clamp the elastomer and longer screws go to 
the outside to fasten the clamping plates to the 
baseplate. The blue line represents the position 
of the elastomeric strip. (b) Disassembled jig. The 
holes closest to the centre are used to fasten the 
orthodontic elastomer to the clamping plates. 
The holes on the outside are used to fasten the 
clamping plates to the base plate to provide 
predetermined differing amounts of stretch. (c) 
An assembled jig with an elastomer at rest. 
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centre used to fasten the elastomer and two larger holes towards the outside which are used 
to fasten the clamping plates to the baseplate. The base plates have a series of screw holes 
that are used to position the clamping plates to produce different amounts of stretch. If one 
set of clamping plates was moved to the second row of holes on one side of the jig it would 
extend the elastomeric strip between the plates to 15 mm which would represent 150% of 
the length of the relaxed elastomer. If the plate on the opposite side was moved out to the 
second row it would extend the elastomeric strip to 20 mm which would represent 200% of 
the length of the relaxed elastomer. For all extensions, the elastomeric strip was loaded into 
the jig with tweezers and only handled on the edges with gloved fingers ensuring nothing 
touched the surface of interest. The strips were put in the jig in a passive configuration, 
fastened with the clamping plates and then the clamping plates moved to achieve the desired 
level of extension. A picture of the jig at all levels of extension is shown in Figure 2.2. 
The Type A elastomer 
stretching jig was 
incompatible with some 
of the experiment 
apparatus. The Type A jig 
could not be used to 
measure contact angles 
because the clamping 
plates obstructed the 
measurement. In order to 
overcome this problem, a 
second type of jig, the 
Type B elastomer 
stretching jig, was 
designed so that a block 
could raise the stretched 
elastomeric strip above 
the jig (Figure 2.3).  This jig consisted of a flat base plate 68 mm long, 25 mm wide and 3 mm 
high without a raised stage. The unextended elastomer strip was fastened by two clamping 
Figure 2.2: The assembled Type A elastomer stretching jigs demonstrating 
the different amounts of stretching performed during this study.  
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plates that were of the same design 
as the type A elastomeric loading 
jig top clamping plates. The 
elastomer strips were stretched to 
the correct length by placing 3D 
printed blocks of particular heights 
and lengths between the base 
plate and the elastomer strip. The 
dimensions of these blocks were 
determined algebraically 
(appendix 3.5) to result in the required stretching. The blocks were 25 mm wide x 20 mm long 
and 11.5 mm high to extend the elastomeric strips to 150% of original length, or 25 mm wide, 
20 mm long and 19.4 mm high to extend the elastomeric strips to 200% (Figure 2.3). In order 
to place these blocks underneath the elastomer, the elastomer was separated from the 
baseplate with a sharp blade. The elastomers were raised over the blocks with a metal ruler. 
For contact angle measurements, the samples were examined at 150% of original length and 
then at 200%. All handling of the jigs and elastomeric strips was done with gloved hands and 
special care was taken not to touch the surface of interest.  
Figure 2.4: Microscopes used in elastomer surface characterisation. (a) Zeiss710 upright laser confocal 
microscope. (b) Zeiss Sigma VP Field Emission Scanning Electron microscope 
Figure 2.3: Type B elastomeric loading jig with the spacer block for 
extending the orthodontic elastomer to 200% of its original length 




2.3.3 Topographical surface characterisation of orthodontic elastomers 
Quantitative surface measurements were performed using a Zeiss LSM 710 upright laser 
confocal microscope (Carl Zeiss Inc, Oberkocken, Germany) (Figure 2.4(a)) and qualitative 
imaging was done with a Zeiss Sigma Scanning Electron Microscope (Carl Zeiss Inc, 
Oberkocken, Germany) (Figure 2.4(b)). The sample holders for both microscopes were 
incompatible with either of the stretching jigs, so imaging was performed on impressions of 
the elastomer strips (relaxed and stretched).  
The elastomer strips were loaded onto a type A elastomer stretching jig and then either 
secured passively or stretched to 150% or 200% the original length. Undercuts and holes in 
the jigs, as well as the jig edges, were very carefully blocked with paraffin wax and extreme 
care was taken not to disturb the elastomer surface. An impression was then taken of this 
surface using Exahiflex Light body Vinyl polysiloxane impression material (GC Dental, Tokyo, 
Japan). A flat plastic surface was used to exert force on the impression material due to its 
thixotropic nature to enable maximum surface detail to be captured. Once the impression 
material was set, it was carefully trimmed and stored in clean labelled containers for later 
use. Confocal microscopy required moulds to have a reflective coating and scanning electron 
microscopy (SEM) required a conductive coating. For SEM, a gold-palladium sputter coating 
of thickness 10 nm was applied to the surface using a Q150T Sputter coater (Quorum 
Technologies Ltd, East Sussex, United Kingdom) and then the samples were mounted on a 
microscope slide and stored in clean labelled containers for later use. As the gold-palladium 
coating was reflective as well as being conductive this coating could also be used for confocal 
microscopy.  
For the quantitative assessment of surface characteristics, a 10 x Plan-Apochromat 0.45NA 
microscope objective lens was used with 543 nm helium neon (HeNe) laser excitation to 
analyse the impressions’ coated surfaces. Three areas (0.85 mm x 0.85 mm) on each of the 
moulds were randomly selected for analysis and confocal microscopy was performed with 
slices of 3.5 µm. Scans were saved as .lsm files. A height map was generated using the 
“extended depth of field” plugin for imageJ (https://imagej.nih.gov/ij/download.html). At this 
point, anything obviously unrepresentative was cropped from the image and then surface 
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characterisation was performed using the imageJ “SurfCharJ” plugin 
(https://www.gcsca.net/IJ/SurfCharJ.html). Using this approach, the following surface 
topography measurements were calculated: Surface roughness (Ra), peak height (Rp) and 
valley depth (Rv)). Roughness (Ra) is defined as the average arithmetic height; it is the 
absolute average deviation of the irregularities away from the mean line over the sampling 
length (Gadelmawla et al., 2002).  The peak height (Rp) is defined as the maximum height of 
the profile above the mean line and the valley depth (Rv) is defined as the maximum depth 
of profile below the mean line (Gadelmawla et al., 2002).  
For the qualitative imaging of the elastomers and the negatives, scanning electron microscopy 
was used and samples were viewed at an accelerating voltage of 5 kV with a working distance 
of 12 mm. The images were taken with a magnification of 100 x. The orientations of the 
images were not standardised and therefore, for the stretched samples, it was not possible 
to determine the positions of the extension axes. These axes were inferred by assuming that 
extension occurred in the direction in which features got larger with stretching and that the 
axis perpendicular to the direction of stretching was in the direction in which the features got 
smaller.  
2.3.4 Contact angle measurement for orthodontic elastomers  
For contact angle measurements, a First Ten Ångstroms 200 goniometer (FTÅ; Portsmouth, 
Virginia, USA) was used (Figure 2.5). A computer-controlled syringe dispensed a deionised 
water droplet on an elastomer 
sample mounted on a stage. A 
camera captured images of the 
droplet on the surface which 
were then analysed by software 
supplied by FTÅ. 
Contact angles were measured 
using the sessile droplet method. 
Unextended elastomeric strips 
were fastened to a microscope 
slide with double sided tape. 
Figure 2.5: FTÅ200 Goniometer that was used for contact angle 




Elastomeric strips that were to be stretched to 150% or 200% of their initial length were 
loaded into a Type B elastomer stretching jig and then a 3D printed block was placed 
underneath the strip to stretch it and raise it off the jig. The experiment involved assessing 
how stretching the elastomer and modifying the grit size i.e., surface roughness affected 
contact angle. To achieve this, two contact angle measurements were performed for each grit 
size and each stretch. One contact angle measurement was parallel to the direction of stretch 
and one measurement was perpendicular to the direction of stretch. In order to do this, the 
jig was mounted perpendicular to the light source and camera for the former measurement 
and parallel for the latter. The stage height was adjusted to visualise the surface of the 
elastomer strip on the camera. Then 5 μL of deionised water was dispensed from the syringe 
onto the strip surface. The volume of water (5 μL) was sufficient to form a droplet that 
detached from the needle, but less than 10 μL which is the volume for which gravity will 
adversely affect the contact angle (Briggs et al., 1989). A sharp, bevelled curved syringe needle 
was used in order to facilitate droplet detachment. Once the droplet was stationary, it was 
photographed, and the contact angle measured manually using a still image. Then the slide 
or jig was very carefully rotated 90 degrees, the camera refocused, and a contact angle was 
recorded such that the strip was orientated parallel to the camera. All experiments were 
performed at room temperature and three drops were measured on each surface at random 
locations. 
If there was a contact angle of greater than 140° measured for any of the droplets, then 
dynamic contact angles would be measured. This would be used to confirm 
superhydrophobicity which requires an advancing contact angle of greater than 150° and a 
contact angle hysteresis of less than 4° (Tadanaga et al., 2000). This dynamic contact angle 
would be measured by expressing deionised water into a droplet with a flat edged needle 
until it reached a volume of 5 μL and then using the same needle to remove water from the 
droplet. This process would be video recorded and contact angles of the advancing and the 




2.3.5 Bacterial adhesion to orthodontic elastomers 
Bacterial adhesion to elastomers was measured using a method based on a study 
investigating adherence of Streptococcus mutans to roughened enamel surfaces (Hosoya et 
al., 2003).  
In order to mimic an intraoral environment, elastomers were pre-treated with saliva. This 
saliva was collected from seven healthy subjects, with informed consent and ethical approval 
from the University of Otago Human Ethics Committee (approval number H20/103) and kept 
on ice. An equal volume of saliva from the seven donors was pooled and dithiothreitol (125 
mM) was added to give a final concentration of 2.5 mM. The pooled saliva was clarified by 
centrifuging at 40,000 x g for 30 min (Sweet et al., 1990). The saliva supernatant was stored 
in 15 mL plastic tubes at -22°C. When required, the saliva was thawed on ice.  
Steptococcus gordonii ATCC 10558 was plated on Columbia Sheep Blood Agar plates (Cat 
#1100: Fort Richard Laboratories, Auckland, New Zealand) and incubated anaerobically at 
37°C for 24 h and then stored in a refrigerator at 4°C until used. This species of bacteria was 
chosen because it is a primary coloniser of dental surfaces, both natural and foreign, it has a 
high affinity for the salivary pellicle and contributes to the incorporation of more complex 
species into the biofilm (Loo et al., 2000, Sang et al., 2020).  
On the day prior to the adhesion experiment, bacteria from the agar plate were cultured in 
10 mL of pre-warmed, sterile Tryptic Soy Broth (TSB; 30 g BactoTM Soybean-casein digest per 
1L) in a screw-capped universal glass bottle at 37°C for 14 h. The optical density (OD600) of the 
culture was measured with a spectrophotometer and 5 mL was used to inoculate 100 mL of 
prewarmed, sterile TSB. This culture was then incubated at 37°C for 7 h which corresponded 
to early stationary phase as determined from a growth curve (appendix 3.6). The OD600 of the 
culture was measured and the bacteria were centrifuged at 5300 x g for 5 min and then the 
supernatant was poured off. The cells were suspended in 5 mL of phosphate buffered saline 
(PBS) and centrifuged at 5300 x g for an additional 5 min. The supernatant was poured off, 
the cells were resuspended in 5 mL PBS and the OD600 of a 1 in 100 dilution was measured.  
The elastomeric strips were placed in 1.5 mL microfuge tubes and incubated with 1 mL of 
prepared saliva at room temperature for 30 min in order to allow a pellicle to form. Each strip 
was then placed in a reagent reservoir and washed with 10 mL PBS three times to remove 
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excess saliva. The strips were loaded onto the Type A elastomeric stretching jig carefully to 
avoid touching the strip surface. The jigs were then placed in 50 mL plastic tubes and 35 mL 
PBS added to which S. gordonii cells had been added to give an OD600 of 1.0. These tubes were 
rocked gently for 30 min in order to simulate the flow of bacteria across the elastomer strip 
in an intraoral environment.  
The cell suspensions were then tipped out of the 50 mL tubes and the jigs were washed three 
times with 35 mL PBS to remove any non-adherent cells. The jigs were removed from the 
tubes and a sterile cotton swab premoistened in PBS was then used to swab the entire 
elastomer surface between the clamping plates on the jig. The swab tip was placed in a 1.5 
mL microfuge tube containing 1 mL PBS. The tube was then vortexed for 60 s to disperse the 
bacteria in the PBS. The solution was diluted 100, 1000 and 10,000-fold with PBS and then 3 
x 50 µL pipetted onto Columbia sheep blood agar (Cat #1100: Fort Richard Laboratories, 
Auckland, New Zealand) plates (pre-warmed to room temperature for 3 h prior to use). The 
agar plates were incubated anaerobically at 37°C for 24 h and then photographed with a 
macro lens. The colony forming units (CFUs) in each of the three spots were then counted and 
averaged and used to calculate the number of bacteria (CFUs) that had adhered to each 
elastomer strip.  
In order to calculate the number of cells adhering per mm2 of the elastomer, the elastomers 
in the jigs were photographed, after swabbing, using a macro lens. The area of the elastomer 
was calculated in mm2 using imageJ and the CFU/mm2 value of cell adhesion was calculated 
by dividing the total number of cells adhered to the elastomer by the area.  
2.3.6 Statistical analysis 
Raw data and graphical plotting were performed using Excel (Version 16.0.13929.20222, 
Microsoft Excel 2018). The statistical analysis was performed using SPSS (Version 23.0, IBM 
Corporation, Chicago, Illinois, USA). Data were analysed using a two-way ANOVA with grit size 
(seven levels: unmodified, 600 grit, 320 grit, 240 grit, 180 grit, 120 grit, 80 grit) and extension 
(three levels: 100%, 150%, 200% original length) as experimental factors; the dependent 
variables were the surface characterisation measures described in section 2.3.3, contact 
angles both from parallel and perpendicular aspect and CFU adherence per mm2. Linear, 
quadratic, and exponential curve fitting was run to investigate the relationship between 
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surface properties, contact angles, and bacterial adhesion. Where appropriate, Bonferroni-





2.4.1 Topographical surface characterisation of orthodontic elastomers 
The physical dimensions of the jigs required to stretch the elastomers were not compatible 
with the microscopes used to characterise the elastomer surfaces, and so impressions of the 
elastomers were examined instead. In order to validate this approach, it was necessary to 
measure and compare the surface characteristics of the impression (the negative) with the 
surface characteristics of the prepared elastomers (the positive). This was done using linear 
regression analyses for the surface roughness (Ra), valley depth (Rv) and peak height (Rp). The 
correlation coefficients between the positive and the negative were all highly significant (p ≤ 
0.002) with a minimum R2 value of 0.87 for valley depth and the maximum R2 value being 0.99 
for surface roughness.  The linear regression graphs are shown in appendix 3.7 
2.4.2 Quantitative analysis of the surfaces of orthodontic elastomers 
The purpose of this experiment was to determine how surface modification by sanding affects 
the surface properties of the elastomer when either loaded or unloaded. The surface 
roughness (Ra), valley depth (Rv), and peak height (Rp) were determined using laser confocal 
microscopy, for unmodified elastomers and elastomers modified with six different grit sizes 
of. Measurements were made for elastomers at three different levels of stretch. Surface 
roughness Ra, Valley depth Rv and peak height Rp were all significantly influenced by grit size 
(F ≥ 18.0, P ≤ 0.001). Valley depth Rv and peak height were both significantly influence by 
extension (F ≥ 6.7, P ≤ 0.003) but surface roughness was not significantly influenced by 
extension (F = 1.1, P = 0.352). Significant interactions were found for surface roughness Ra, 
valley depth Rv and peak height Rp between grit size and extension (F ≥ 2.6, P ≤ 0.01), 
suggesting that the effect of extension changes across grit sizes.  
Surface roughness increased with a decrease in grit size, with the unmodified elastomer being 
the smoothest surface (Figure 2.6(a)). Extension did not influence surface roughness 
significantly except at a grit size of 80 where elastomeric surfaces had a significantly lower 
roughness when stretched to 200% of its original length compared to an unstretched 
elastomer. Valley depth values were lower with lower grit numbers showing a negative 
gradient (non-significant), only for the elastomers at 100% and 150% of original extension, 
but not for those at 200% of original extension (Figure 2.6(b)). There was no significant 
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difference in valley depth between elastomers at the two intervals of stretching. When 
elastomers were at 200% of original extension, there appeared to be a reduction in valley 
depth in those modified with 600 grit and 320 grit sandpaper compared to the unmodified 
control (Figure 2.6(b)). At rougher grits the valleys were deeper again as the grit size 
decreased. This variation may also be because the correlation between impression and the 
original elastomer was the worst for valley depth (Appendix 3.7). There also appeared to be 
a significant decrease in valley depth for the 80-grit elastomer that was stretched at 200% 
extension compared to other stretches and this decrease of valley depth was seen with other 
grits with the elastomer stretched to 200% of original extension (Figure 2.6(b)) although the 
decreases did not reach statistical significance. For unmodified elastomers, there appeared 
to be significantly deeper valleys for the elastomers stretched to 200% compared to 
elastomers at other extensions.  
Figure 2.6: Bar charts showing the surface 
characteristics of orthodontic elastomers modified 
with different grit sizes - from finest on the left of the 
chart to coarsest on the right of the chart. (a) Surface 
roughness,  (b) Valley depth, and (c) peak height by grit 
size and extension. The three extensions were 100% of 
original length (relaxed) on the left, 150% extension of 
the original length in the middle and 200% extension 
of the original length on the right. Bar heights 
represent estimated marginal means, while error bars 
represent 95% confidence interval. * = P < 0.05. 
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There was an increase in peak height with a decrease in grit size (Figure 2.6(c)) with significant 
differences between the extent of extension only at 80- and 120- grit with 200% extension 
having a higher peak height than 100% extension or 150% extension at 80 grit, and significant 
differences between 150% and 200% extension with 200% extension having significantly 
higher peaks than 150%.  
2.4.3 Qualitative analysis of the surfaces of orthodontic elastomers 
Scanning electron microscope images were used to qualitatively assess the features of the 
elastomers at a microscopic level. Representative images were taken at magnifications of 
100x of the impressions of the elastomers at each degree of stretching as well as relaxed 
elastomers themselves in order to compare, visually, the features of the impressions and the 
elastomers (Figure 2.7). 
As expected, the positive and negative surfaces of the prepared elastomeric surfaces were 
clearly depicted in the SEM images; there was a gradual decrease in surface roughness as the 
CAMI grit number increased. The modified elastomeric surfaces appeared to show 
indentations in the elastomer, which represented the scratch marks that indicated the 
direction of sanding. On the other hand, the surfaces of the impressions showed ridges 
representing where the impression material had flowed into the scratch marks, as well as the 
direction of sanding. This indicates that the peaks on the elastomers appear as valleys on the 
impression and vice versa. The ridges appeared to get smaller with higher grit number and to 
correspond to the scratches on the original elastomers. With extension, there appeared to be 
an increase of the widths of the ridges when viewed from perpendicular aspect, whereas 





Figure 2.7: Scanning electron microscope images of the orthodontic elastomers (left column) modified with 
various grit sizes, the negative impressions of the orthodontic elastomers (middle column) at a relaxed state 
(100% of its original length) and negative impressions of the orthodontic elastomers (right column) at 200% 
of its original length. All images were taken at 100 x magnification.  
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2.4.4 Contact angle measurement for orthodontic elastomers  
When droplets were visualised perpendicular to the direction of the stretching of the 
elastomer, it was noted that the contact angle was both highly dependent on grit size (F = 
39.8, P ≤ 0.001) and extension (F = 56.6, P ≤ 0.001), but there was no significant interaction 
between roughness and extension (F = 1.9, P = 0.07). Figure 2.8 shows how the contact angle 
varied according to roughness at different levels of extension as well as how contact angle 
varied according to extension. Table 2.1 shows pairwise comparisons between grit sizes and 
Table 2.2 shows pairwise comparisons between amounts of extension.  
 
Figure 2.8: Variation in the contact angle when the droplet wass viewed perpendicular to the stretch of the 
elastomer with surface roughness at (a) 100% stretch (relaxed), (b) 150% stretch, (c) 200% stretch. For these 
graphs a quadratic function represents the line of best fit. (d) Variation in contact angle with degree of extension. 





Table 2.1: Pairwise comparison (P values) of perpendicular contact angle for different grit sizes corresponding 
to data from Figure 2.8.  *  = P < 0.05.  
Grit size 80 120 180 240 320 600 
80 - - - - - - 
120 0.01* - - - - - 
180 1.000 0.084 - - - - 
240 0.812 1.000 1.000 - - - 
320 0.037* 1.000 0.267 1.000 - - 
600 <0.001* <0.001* <0.001* <0.001* <0.001* - 
Control <0.001* <0.001* <0.001* <0.001* <0.001* 1.000 
 
Table 2.2: Pairwise comparison (P values) of perpendicular contact angle for different extensions corresponding 
to data from Figure 2.8. * = P < 0.05 
Extension 100% (relaxed) 150% 
100% (relaxed) - - 
150% < 0.001* - 
200% <0.001* 0.001* 
Post-hoc tests indicated that contact angles differed significantly, mainly between the 
smoothest (i.e., 600 grit size) and rougher surfaces. A significant difference between contact 
angles for grit 80 and grit 120 was also found (Table 2.1). The contact angle also differed 
between all levels of extension (Table 2.2).  
For all of the extension levels, the variation in contact angle with increasing roughness 
appeared to follow a quadratic relationship with R2 values of 0.84, 0.74 and 0.33 for 100%, 
150% and 200% extension, respectively, and the relationship was significant (P ≤ 0.05) for all 
extensions. According to all the graphs, there appeared to be a maximum contact angle at a 
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surface roughness of approximately 6-9 µm. For a roughness greater or less than this, there 
appeared to be a decrease in contact angle regardless of extension level. There were, 
however, significant differences between contact angles for the different levels of extension 
with the same amount of roughness. The contact angles were lower for the same roughness 
at higher levels of extension. For the higher extensions, however, there were fewer data 
points in the rougher range, and so the curve fitting for rougher surfaces was less certain. 
With regards to extension, contact angles became smaller as the elastomer was stretched 
from its original length to double its original length. It is important to note that with 
modification using 120 grit sandpaper, the maximum contact angle achieved was 105°.The 
trendlines appear to have a maximum of approximately 104° for unstretched elastomers. This 
indicates that a superhydrophobic state which gives an advancing contact angle of 150° with 
water and hysteresis of less than 4° could not be achieved. 
When the droplet was visualised from an aspect parallel to the direction of elastomer 
stretching, the contact angle was strongly influenced by roughness (F = 18.6, P ≤ 0.001) and 
extension (F = 44.3, P = 0.004) but there was no significant interaction between roughness 
and extension (F = 2.7, P = 0.962). Figure 2.9 shows how the individual contact angle varied 
with increasing roughness at different levels of extension, as well as how average contact 
angle varied across different extension levels. Table 2.3 shows post-hoc comparisons of 
parallel contact angles for different grit sizes and Table 2.4 shows post-hoc comparisons of 















Figure 2.9: Variation in the contact angle when the droplet is viewed parallel to the stretch of the elastomer 
with surface roughness at (a) 100% stretch (relaxed), (b) 150% stretch, (c) 200% stretch. For these graphs a 
quadratic function represents the line of best fit. (d) Variation in contact angle with degree of extension. Error 
bars represent 95% confidence intervals. * = P < 0.05. 
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Table 2.3: Pairwise comparison (P values) of parallel contact angle for different grit sizes corresponding to data 
from Figure 2.9. * = P < 0.05 
Grit size 80 120 180 240 320 600 
80 - - - - - - 
120 1.000 - - - - - 
180 1.000 1.000 - - - - 
240 1.000 1.000 1.000 - - - 
320 1.000 1.000 1.000 1.000 - - 
600 <0.001* <0.001* <0.001* <0.001* <0.001* - 
Control 0.194 0.042* 0.059 0.018* 0.001* 0.002* 
 
Table 2.4: Pairwise comparison (P values) of parallel contact angle for different extensions corresponding to 
data from Figure 2.9. * = P < 0.05 
Extension 100% (relaxed) 150% 
100% (relaxed) - - 
150% 0.921   - 
200% 0.004* 0.062 
Contact angles did not differ significantly between surfaces modified with any of the rougher 
grit sizes (80 grit to 320 grit). With elastomers sanded with 600 grit sandpaper, the contact 
angle was significantly lower than those sanded with any other grit size and from the 
unmodified surface. Contact angles parallel to the extension of the elastomers sanded with 
grit sizes 80 and 180 showed no significant differences from the control.  
There was no significant difference between contact angles of elastomers extended to 150% 
of initial length compared with relaxed elastomers and elastomers extended to 200% of initial 
length, however there was a significant difference between contact angles of relaxed 
elastomers, which had a lower contact angle and elastomers extended to 200% of initial 
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length, which had a higher contact angle. The variation of parallel contact angle with surface 
roughness and extension are shown in Figure 2.9. 
The best fit curves for the data in Figure 2.9 (a), (b) and (c) were again quadratic, but showed 
much less curvature than when the contact angle was viewed perpendicular to the direction 
of stretch (Figure 2.3). The R2 values were 0.45, 0.3 and 0.19, for 100%, 150% and 200% 
extension respectively which indicated weaker associations than for contact angles viewed 
perpendicular to the direction of stretch. The quadratic curve fit was significant for 100% and 
150% extension (P ≤ 0.05), however the association was not significant for 200% extension (P 
= 0.143).  The maximum contact angles also occurred between 6 µm and 10 µm when viewed 
from this aspect for the 100% and 150% extension, however for the 200% extension the point 
of maximum contact angle was less clear. It is evident that the contact angle from this aspect 
increased with extension. It is noted that for the 200% extension there was a lack of data 
points for surfaces with a roughness of >10 µm which affected the curve that was fitted.   
It is also important to note that the largest contact angle measured was less than 110° which 
means that it is possible to reject the hypothesis that a superhydrophobic surface can be 
created with the modifications performed.  
2.4.5 Bacterial adhesion to orthodontic elastomers  
Optical density (OD600) readings of both overnight cultures and day sub-cultures were taken. 
For the overnight cultures, the average OD600 was 1.50 with a standard deviation of 0.24 and 
for the day cultures the average OD600 was 1.56 with a standard deviation of 0.12 (appendix 
3.8). The low standard deviation of the sub-culture OD600 values indicates that the preparation 
of bacteria for the adhesion experiments was highly reproducible and that there were no 
significant differences between the overnight culture and the day culture. A growth curve for 
S. gordonii ATCC 10558 (appendix 3.6) indicated that day cultures harvested after 7 h 
incubation for adhesion experiments were in early stationary phase.  
Bacterial adhesion to saliva-coated elastomers was measured by swabbing the elastomer 
surface and counting the colony-forming units (CFUs) from the swab on agar plates and 
recording the number of CFUs per square-millimetre of surface area of the elastomeric strip 
(CFU/mm2). Representative images of these agar plates are shown in appendix 3.9. It was 
found that the biofilm growth was highly dependent on roughness (F = 171.1, P ≤ 0.001*), 
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extension (F = 60.5, P ≤ 0.001*) and that there was a significant interaction between 
roughness and extension (F = 8.6, P ≤ 0.001*). Table 2.5 shows pairwise comparisons for 
bacterial adhesion for different grit sizes, and Table 2.6 shows pairwise comparisons for 
bacterial adhesion for different extensions. Figure 2.10 shows the variation in bacterial 





Figure 2.10: Variation in bacterial adhesion, represented by the count of S. gordonii per mm2 elastomer, with 
surface roughness at (a) 100% extension, (b) 150% extension, (c) 200% extension. For these graphs an 
exponential function represents the line of best fit. (d) Variation in bacterial adhesion with both grit size and 
extension. Error bars represent 95% confidence intervals. * = P < 0.05.  
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Table 2.5: Pairwise comparison (P values) of bacterial adhesion for different grit sizes corresponding to data 
from Figure 2.10. * = P < 0.05. 
Grit size 80 120 180 240 320 600 
80 - - - - - - 
120 <0.001* - - - - - 
180 <0.001* 0.001* - - - - 
240 <0.001* 0.019* 1.000 - - - 
320 <0.001* <0.001* 0.038* 0.001* - - 
600 <0.001* <0.001* <0.001* <0.001* 1.000 - 
Control <0.001* <0.001* <0.001* <0.001* 1.000 1.000 
 
Table 2.6: Pairwise comparison (P values) of bacterial adhesion for different extensions corresponding to data 
from Figure 2.10. * = P < 0.05. 
Extension 100% (relaxed) 150% 
100% (relaxed) - - 
150% 0.001* - 
200% <0.001* <0.001* 
It is apparent that the rougher the elastomeric surface is i.e., generated with coarser grit 
(lower grit designation), the higher the number of bacteria that adhere to the surface. This 
appears to follow a trend that increases exponentially as the surface roughens; exponential 
curves were found to fit the data best. The R2 values for the curves were 0.65, 0.58 and 0.68 
for 100%, 150% and 200% extension respectively and these fits were highly significant (P ≤ 
0.001). The rougher the surface was, the more likely bacteria would adhere, and this effect 
was much more pronounced for the rougher surfaces with greater extension. It is also noted 
that there is a significant effect between all the different levels of extension such that the 
greater the extension, the more bacteria adhered to the surface of the elastomer per unit 




The overarching aim of this study was to modify an orthodontic elastomer by abrasion with 
sandpaper in order to create a surface that is resistant to bacterial adhesion. The objectives 
were to determine how abrasion with different grits of sandpaper affect various topographic 
properties of the surface including roughness, RMS roughness, peak height, valley depth and 
peak-valley height. The study also assessed whether abrasion with various grits of sandpaper 
also affected the wettability and how easily a droplet of water attaches to the surface of the 
elastomer by assessing the contact angle. Finally, the study determined the amount of 
bacterial adhesion to the elastomer after it had been abraded by the different grit numbers.  
A key concept from previous studies of surface properties is how water contact angle affects 
bacterial adhesion and whether creating a superhydrophobic surface can reduce this 
adhesion. It has been shown that a superhydrophobic surface prevents bacterial adhesion 
and biofilm formation (Oliveira et al., 2015, Falde et al., 2016). Furthermore, Nilsson and 
colleagues reported that TeflonTM could be made superhydrophobic by abrasion with 
sandpaper (Nilsson et al., 2010). These reports led to the hypothesis underlying this study 
that if the surface of elastomers could be modified with sandpaper to make them 
superhydrophobic then this would reduce bacterial adhesion to the elastomer. Therefore, the 
methodology used by Nilsson et al. was applied to the preparation of the elastomers, and the 
surface properties were characterised.  The elastomers were abraded in random directions, 
using rotary sanding instead of the hand sanding which was used by Nilsson et al. (2010). This 
difference should have had minimal effect as the sanding occurred in a multidirectional 
manner which was maintained throughout sanding and was carried out for longer than a set 
20 s in order to get a uniform surface. The only other difference from the Nilsson et al. method 
is that the elastomers were not cleaned with acetone. It was decided not to use acetone since 
it may cause chemical modification of the elastomer or act as a solvent leading to loss of 
surface geometry (Janardhan et al., 1994) which could affect contact angle or weaken the 
elastomer meaning that it would be clinically less useful. Instead, it was decided to use an 
ultrasonic bath with deionised water to clean the elastomer after abrasion and remove the 
smear layer.  
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Smooth TeflonTM is significantly more hydrophobic than elastomer with an advancing contact 
angle of approximately 128° (Nilsson et al., 2010). and static contact angles reported in 
literature in a range of between 98° (Hu and Adamson, 1977) and 116° (Busscher et al., 1983). 
In comparison, “smooth” orthodontic elastomer, as supplied, was determined to have a static 
contact angle of 86° when viewed from the perpendicular aspect and 98° when viewed 
parallel to the direction of stretch. This difference can be explained by the fact that the 
“smooth”, unmodified, orthodontic elastomer has unidirectional striations running in the 
direction of stretch which are clearly visible in Figure 2.7. This indicates that there will be 
differences in the behaviour of droplet dispersion when viewed from different angles. The 
reason for lower contact angles when viewed from the perpendicular may be due to the fact 
that the striations perpendicular to the direction of viewing channel the droplet sideways 
reducing the contact angle. Whereas in the parallel direction, the striations provide peaks and 
troughs which may impede droplet dispersion.  
The average static contact angle of 92° indicates that the polyurethane elastomer that was 
supplied was only borderline hydrophobic and that surface modification would have to have 
a major effect on hydrophobicity to produce a superhydrophobic surface with an advancing 
contact angle of over 150°. Whilst no dynamic contact angle experiments (that yield 
advancing and retreating contact angles) were attempted, it was noted that tilting the surface 
of the elastomer did not induce any water droplet roll off. This indicates that the contact angle 
hysteresis will remain high regardless of the modifications performed.  
It has been noted in previous studies (Jung and Bhushan, 2006, Prajitno et al., 2016), that 
surfaces that are initially hydrophobic have increased hydrophobicity with increasing 
roughness and surfaces that are initially hydrophilic have an increase in hydrophilicity with 
increasing roughness. This occurs in both a Wenzel and a Cassie-Baxter state (Jung and 
Bhushan, 2006). The magnitude of this change is related to the initial hydrophobicity or 
hydrophilicity of the smooth surface. For instance, the more hydrophobic or hydrophilic a 
surface is, the greater is the increase of this initial property with a constant change in surface 
roughness meaning that a surface that is initially more hydrophobic or hydrophilic will have a 
greater increase in hydrophobicity or hydrophilicity than a surface that is less hydrophobic or 
hydrophilic (Jung and Bhushan, 2006). This is due to the fact that overcoming peaks provides 
an energy barrier for droplet dispersion (Nosonovsky and Bhushan, 2005). These papers also 
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state that the transition between hydrophobic and hydrophilic surfaces occurs at a contact 
angle of 90°. Due to the borderline hydrophobicity that was measured on unmodified surfaces 
it would be suggested that a minimal change of static contact angle would occur regardless 
of the magnitude of increase in roughness and since the variation seen for the change in 
contact angle was 15-20°, it appears that this was the case. It is likely that this variation in 
contact angle would be likely due to properties other than roughness. It is noted that despite 
best efforts, contamination of the elastomer surface with grease or dust may have occurred 
or that laboratory conditions such as humidity changes could have caused variations in 
contact angle. 
For contact angles measured from both the perpendicular and parallel aspect there was a 
maximum contact angle, which occurred around the mid-point of the range of roughnesses 
tested. This is similar to the trend that was reported by Nilsson and colleagues for TeflonTM 
abraded with sandpaper, albeit with much higher contact angles (Nilsson et al., 2010). They 
explained this finding as follows. As the roughness increased, the valleys and peaks increased 
in depth and height and the likelihood of air being trapped in the valleys also increased, 
leading to incomplete wetting and an increase in contact angle i.e., a Wenzel to Cassie-Baxter 
state transformation. Beyond a certain amount of roughness, however, the valleys would get 
wide enough to enable water to enter, leading to a transition back to a Wenzel state and a 
reduction in contact angle. This phenomenon may have occurred in the present study. 
Although no air cushions were evident under water droplets, which would confirm the 
existence of a Cassie-Baxter state, it is possible that this may have occurred at a microscopic 
level, but the difference that would make would be minimal. Even in a Wenzel state, the 
trends could be explained as follows. If roughness is increased from a smooth surface, the 
initial increase in peaks and troughs that appear provide a barrier to wetting leading to an 
increase in contact angle. If a droplet comes into contact with a surface, it will disperse filling 
up any valleys, but it will expend significant amounts of energy overcoming peaks. The droplet 
will eventually reach a state where it cannot disperse any further and the cohesive force of 
the droplet is in equilibrium with gravity, which is trying to reduce the height of the droplet. 
On a rougher surface, the peaks are larger indicating that more energy will be expended on 
droplet dispersion (Bhushan et al., 2009, Bhushan and Jung, 2011). It is noted that the valleys 
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also become wider on a rougher surface, which may favour droplet dispersion and reduce the 
contact angle as is apparent in the Nilsson study (Nilsson et al., 2010).  
This would also explain why, when viewed from the perpendicular aspect, the 600-grit 
modified elastomer (Ra = 2-5 µm) had a slightly higher mean contact angle than the 
unmodified elastomer (Ra = 0.5-2µm), but not in the parallel direction since relative roughness 
had been introduced in this direction and asperities stopped the droplet dispersion. As 
indicated in the SEM image in Figure 2.7, the unmodified elastomer is smooth in the direction 
viewed from the perpendicular aspect and so the droplet will spread further. The fact that 
striations occur in the surface indicate that the droplet may be channelled in that direction 
leading to an increase in contact angle. The decrease in contact angle when viewed from the 
parallel aspect is due to the fact that the unmodified elastomer has striations that run along 
the long axis of the elastomer. The size and/or the geometry of these striations may be 
sufficient to prevent the dispersion of this droplet viewed from the parallel aspect unlike the 
600-grit modified elastomer; the long ridges of the striations may be more difficult for a 
droplet to overcome compared with the random pattern of the striations on the modified 
elastomers. The 600-grit modified surface also appeared to be the most isotropic of the SEM 
images in Figure 2.7 meaning that there were fewer visible grooves, and the roughness 
appeared to be the most consistent regardless of direction. 
None of the sandpaper abrasions made the elastomer surface superhydrophobic (contact 
angle >150°) even though this has been reported for sandpaper treatment of TeflonTM 
(Nilsson et al., 2010). The reason for this discrepancy may be the greater hydrophobicity of 
TeflonTM than elastomer and the different chemical composition; elastomers are 
polyurethanes, TeflonTM is a form of polytetrafluoroethylene. 
There was significant variation in contact angles, from both aspects, with extension. The 
contact angle decreased from the perpendicular aspect and increased when viewed parallel 
to the extension. The decrease in contact angle from the perpendicular aspect could be 
because the distance between peaks increased when stretched meaning that the water 
droplet could disperse which would lead to more complete wetting with extension. 
Conversely, from the parallel aspect, the width of the elastomer strip decreased with 
stretching meaning that the peaks get closer together meaning the droplet must expend more 
energy overcoming these peaks leading to an increased contact angle with extension.  
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It is evident that for contact angles, the fit of the quadratic curve became less accurate as the 
extension increased which was reflected in the R2 value. There are two possible reasons for 
this. Firstly, it may be due to the methodology of the experiments in that for 100% extension, 
where the elastomers were unstretched, they were secured to a microscope slide and the 
surface areas were relatively isotropic, regardless of grit size, according to Figure 2.7. 
Whereas extension introduced additional sources of error that may have caused more scatter 
such increased handling while loading the elastomer into the jig and slippage of the elastomer 
in the clamping plates. The second reason for the error may be due to heterogeneity in the 
elastomer composition or thickness along the strip that may be magnified with the stretch of 
the elastomer leading to more variation.  
Another observation regarding error in measuring contact angles is that when viewed from 
the parallel aspect, the fit of the quadratic curve is less accurate compared to when the 
elastomer is viewed from the perpendicular aspect. This may be due to the distance that the 
light from the source has to travel to cross the surface of the elastomer being larger in the 
parallel direction, which may mean that tilt, regardless of how well controlled, in jig 
manufacture and stage orientation, is more likely to add to error in the parallel aspect 
compared with the perpendicular aspect.   
It is also noted from Figure 2.6 that for higher levels of extension, the roughness decreased. 
This means that there are fewer data points at higher levels of roughness making curve fitting 
difficult. These results have the following implications: Firstly, the trend is being predicted 
with less data at higher roughnesses and secondly there is greater scatter at lower 
roughnesses which also affect the R2 and significance of the curves at higher extensions. 
Ideally to overcome this in future experiments and to provide more statistical power to 
definitely prove quadratic relationships for the contact angles, it would be important to 
modify elastomers with lower a grit number.   
Confocal microscopy was used to demonstrate that there was an increase in surface 
roughness (Ra) and RMS roughness with an increase in grit size. This indicates that the surfaces 
were modified as intended. The roughnesses were of the order of 1-20 µm. It is possible that 
there was also surface roughness on a smaller scale than this but that could not be detected 
with confocal microscopy. The methods used had two limitations. The first was that the 
resolution of confocal microscopy is only in the microscale and becomes increasingly 
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unreliable in the nanometre range (Teng et al., 2020). The second limitation was the use of 
impressions to capture the detail of the elastomeric surfaces. This was necessary since the 
stretching apparatus was incompatible with the specimen stages in the confocal microscope 
and the scanning electron microscope. Nevertheless, there were highly significant 
correlations between measurements for unstretched elastomers and their impressions, for 
all surface characterisation variables. It was evident that taking an impression of an elastomer 
with polyvinylsiloxane is highly accurate. The correlation between the surface roughness of 
prepared elastomers and impressions of the prepared elastomers was extremely high and 
statistically significant. This supports the use of surface impressions in replicating roughness, 
within the micrometre range, as a quantitative feature.  
With regards to replicating features such as peaks and valleys, the use of impressions 
correlated well but not as highly as roughness measures. This may be because individual 
details could be lost during the impression capture but overall large-scale features like 
roughness maintained. Valley depth correlated least well of all the measures and this could 
be because the impression material may have difficulty flowing into the deepest valleys of the 
prepared samples and consequently some of this representation is lost.  
It was found that surface roughness, peak height and peak-valley height all increased with 
decreasing grit number and that valley depths decreased with increasing grit number. This 
was to be expected; however, it is surprising that no statistically significant trend was found 
regarding changes of roughness between different extensions until larger grit numbers were 
examined. This is despite differences being visible on the SEM images of the negatives of the 
elastomers at various levels of extension in Figure 2.7. It appears that in most of the images 
of stretched elastomers the ridges (which would be valleys in the positive image) in one 
direction appear to be wider than those of the relaxed elastomers and any perpendicular or 
near perpendicular ridges are narrower. This bidirectional variation in stretched elastomeric 
surfaces may have been measured by the confocal microscope as an average that is similar to 
the unloaded surfaces but when they are viewed from parallel or perpendicular aspects they 
are qualitatively different – which is not reflected in the quantitative measurements. 
The final objective of this project was to investigate whether modifying elastomer surfaces by 
mechanical abrasion could create a superhydrophobic surface to which fewer bacteria 
adhere. It was not possible to obtain a superhydrophobic surface with sandpaper abrasion 
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and there was no significant reduction in biofilm adhesion to orthodontic elastomers with 
surface modification using grit numbers 80-600.  
It is noted that the relationship between surface roughness and biofilm adhesion increased 
exponentially with reasonably good curve fit of R2 between 0.59 and 0.68. This indicated that 
more bacteria adhered to rougher surfaces than to smoother surfaces. Although this trend 
was statistically significant, there were similar uncertainties as with the quadratic relationship 
for contact angles. At higher levels of extension, the surface roughness was lower which 
meant that there were fewer data points for rougher surfaces at higher extensions. This could 
be overcome in future studies by using lower grit numbered sandpaper to abrade the 
elastomer to confirm these exponential curve fits.  
The increased bacterial adherence to rougher elastomer surfaces was not an unexpected 
result. The relationship between surface roughness and bacterial adhesion has been 
examined extensively and many authors report that bacterial adhesion increases on rougher 
surfaces (Preedy et al., 2014, Sharma et al., 2016). However, some authors have noted 
reduced bacterial adhesion on rough surfaces compared to that on smooth surfaces (Wu et 
al., 2018). It is probable that the roughness that is required to achieve inhibition of adhesion 
is roughness at a nanoscale (Rizzello et al., 2011, Liu et al., 2016, Lüdecke et al., 2016) rather 
than a microscale which was all that could be achieved within this study. It has also been 
reported that hierarchical structures, in which the surface had a roughness both at micro and 
nanoscales, as exemplified by the lotus leaf, also reduces bacterial adhesion (Bagherifard et 
al., 2015, Wu et al., 2018). Deliberate nanoscale roughness or hierarchical roughness could 
not be achieved or measured in the current study, in which all sandpaper grits could only 
roughen surfaces to a microscale level in which the Ra roughness was 1.0 µm. One finding, 
however, was that the elastomer abraded with 600 grit sandpaper had a small but non 
statistically significant reduction in bacterial adhesion compared with the control. The control 
elastomer had an Ra of between 0.3-2.0 µm and the 600-grit abraded elastomer had an Ra of 
2.0-5.0 µm with the difference being statistically significant. Thus, it may be possible to reduce 
adhesion by using sandpaper with finer grits than 600.  
None of the modifications of the elastomer resulted in a superhydrophobic surface or reduced 
bacterial adhesion. This may have been the case for three possible reasons.  
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1. There was insufficient range of surface roughness that was tested during this study. A 
nanoscale roughness may have increased the contact angle to the level of 
superhydrobicity or reduced bacterial adhesion.  
2. There was a small sample size and large amounts of variability associated with this.  




2.6 Limitations and future research 
A major limitation of this study was that abrasion of only one type of elastomer (Ormco) was 
undertaken. This was due to the reluctance of companies to supply elastomer in dimensions 
suitable for abrasion. As the composition of elastomers will vary (most companies do not 
disclose elastomer composition) this may affect bacterial adhesion. Thus, the effect of 
abrasion on the hydrophobicity of other elastomers and bacterial adhesion to those abraded 
surfaces is unknown, and for some, abrasion may result in a statistically significant reduction 
in bacterial adhesion to the product at least in an in vitro setting. This indicates that more 
research would be required on other materials to show conclusively that sandpaper abrasion 
cannot be used to reduce biofilm formation.  
Another limitation is that the adhesion of only one bacterial strain was measured. S. gordonii 
was chosen for this study because it is an early coloniser of saliva-coated oral surfaces. S. 
gordonii ATCC 10558 is a well characterised strain that has been used to measure bacteria 
adhesion to tooth root surfaces (Eick et al., 2013). To ensure that the bacterial adhesion 
results obtained are representative, adhesion of other strains of S. gordonii should be 
measured, as well as adhesion of other species of pioneer colonisers (that are a pre-requisite 
for biofilm formation) such as Streptococcus sanguinis. 
A further limitation of this study is that only roughness of a microscale could be detected, and 
we can only be confident that microscale roughness was imparted. It may be that 
methodology which can impart and detect nanoscale roughness may provide the desired 
surface modification and enable the generation of a superhydrophobic surface. This could 
involve abrading the elastomers with sandpaper of higher grit number, nanomilling, 
lithography and measurement of roughness with atomic force microscopy. Future research 
could also investigate generating specific patterning such as a SharkletTM surface (Chung et 
al., 2007, Schumacher et al., 2008, Reddy et al., 2011, Mann et al., 2014). This would involve 
generating microscale ribs of varying lengths and textured to disrupt bacterial cell function. 
The concern with this for an orthodontic elastomer is that the stretching of such a surface 
may cause distortion of the patterning, however, there may be a way of patterning a relaxed 
surface such that it provides a SharkletTM surface upon stretching. Other ways of preventing 
biofilm formation on elastomers include coating the elastomer with substances that reduce 
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bacterial adhesion, but again this coating will need to maintain integrity under stretching and 
may present biocompatibility and toxicity issues. As indicated above, further research should 
investigate abrasion using sandpaper with grit numbers outside of the range 600 grit – 80 grit 







This study showed that a predictable surface roughness can be imparted on an orthodontic 
elastomer using abrasion by sandpaper. It also showed that a predictable static contact angle 
was obtained which varied according to roughness. The static contact angle increased with 
roughness to a maximum of approximately 104° at a roughness of 7-9 µm. The static contact 
angle varied according to the amount of stretch; the contact angle increased with stretch 
when viewed perpendicular to the direction of stretch and decreased when viewed parallel 
to the direction of stretch. Under no conditions, however, was a superhydrophobic surface 
(contact angle >150° with contact angle hysteresis of ≤ 4°) generated or remotely possible 
with the modification by sandpaper. It was found that biofilm adhesion did not decrease when 
a microscale roughness was imparted on the surface. Biofilm adhesion increased with both 
increasing extension and increasing roughness and therefore such a microscale surface 
modification is unable to provide the desired effect of reducing biofilm formation around 
orthodontic appliances with Ormco orthodontic elastomers. Given the limitations of this 
study, investigating the elastomer products of different manufacturers, as well as examining 
other means of surface modification at a nanoscale may lead to the development of a product 
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Mechanical modification of non-elastic materials to create a superhydrophobic surface, which is 
highly resistant to wetting, has been shown to be effective in decreasing biofilm formation on the 
surface of the material. The effect of mechanical modification on elastomeric surfaces, however, 
has not yet been investigated.  
The research aims to determine how surface texture modifications of orthodontic elastomers 
affect the biofilm formation in a laboratory setting. This study will attempt to apply the results of 
a previous study on modifying Teflon to make it superhydrophobic onto orthodontic elastomers 
in doing so it may affect how plaque adheres and grows on the surface.  
Description in lay terms of the potential outcomes of the area of research  
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The aim of this study is to investigate the effect of mechanical modification of elastomers on 
reducing biofilm formation. We will prepare orthodontic elastomers with different degrees of 
surface roughness by abrasion with sandpaper. We will measure the following properties of the 
abraded elastomer in comparison to an unmodified control: surface roughness, surface free 
energy, contact angle and tensile strength. We will then assess the adhesion of microorganisms 
to, and biofilm formation on, the modified materials using in vitro models previously validated by 
our research team.  
The outcome measures for this study would be to find the ideal surface texture to inhibit plaque 
formation and biofilm accumulation. It is predicted that this surface texture is different from the 
texture of the manufactured elastomer provided by the company. If this is the case it could 
provide a different surface texture in which to manufacture the elastomers  
Potential areas that are of interest to or of concern for Māori  
Maori, like the general population, are at increased risk of plaque formation, accumulation and 
therefore caries, periodontal disease and other odontogenic infections when undergoing 
orthodontic therapy. Any means in which plaque accumulation can be reduced will be beneficial 
to the maori population when undergoing orthodontic treatment.  
Collaborations in this area of research  
Professor Mauro Farella, Head of Discipline Orthodontics, Faculty of Dentistry 
Professor Richard Cannon, Sir John Walsh Institute 
Potential funding bodies  
We have been successful in an application to NZDRF for $13,478 which will cover all foreseeable 
expenses at this time.   
Location  
Orthodontic Department, Faculty of Dentistry, University of Otago   
Other relevant information  














3.2 Ethical Approval 














3.2.3 Response to ethics committee 
 
Garry Witte  
Jo Farron de Diaz  
University of Otago  
Human Ethics Committee (Health) 
1st Floor 
Scott/Shand House 
90 St David's Street 
Dunedin 9010  
 
25th October 2019 
 
 
To whom it may concern  
 
Thank you for your conditional approval of our project. To address the recommendations you have 
made we have made the following changes: 
1. On the information sheet section that’s titled “If you participate, what will you be asked to 
do?” We have included the following sentence:  
“This research could lead to discoveries of commercial value but there will be no financial 
benefit to you as a participant if you choose to take part in this study.” This is written on 
Page 25 of 30 of the amended form. 
2. On the consent form under section 11 and on the application form under section 7.13. We 
have stated that if one person wishes for karakia, then all of the pool of saliva will have a 
karakia prior to disposal.  
 





Michael G Skilbeck   
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3.2.3 Participant Information form 
Participant Information Sheet (enter further details if necessary e.g. for 
Parents/Guardians, for child participants etc)  
Study title: Surface modification of orthodontic elastomers to 
overcome biofilm formation 
Principal 
investigator: 
Name: Dr Peter Li Mei 
Department: Oral Sciences  
Position: Senior lecturer 
Contact phone 
number: 




Thank you for showing an interest in this project.  Please read this information sheet carefully. Take 
time to consider and, if you wish, talk with relatives or friends, before deciding whether or not to 
participate.  
If you decide to participate we thank you.  If you decide not to take part there will be no 
disadvantage to you and we thank you for considering our request. 
 
What is the aim of this research project? 
The aim of this project is to assess microbial adhesion to, and plaque formation on, unmodified and 
surface modified orthodontic elastomers both at rest and under tension. This project is to satisfy the 
requirements for the degree of Doctor of Clinical Dentistry for the student investigator: Michael 
Skilbeck 
 
Who is funding this project? 
The New Zealand Dental Research Foundation.  
 
Who are we seeking to participate in the project? 




If you participate, what will you be asked to do? 
Should you agree to take part in this project, you will be asked to expectorate (spit) approximately 
10 millilitres of saliva into a sterile plastic bottle at least 1 hour after you last ate. The time 
commitment will be approximately 10 minutes and there are no physical or psychological risks 
associated with this research. Please be aware that you may decide not to take part in the project 
without any disadvantage to yourself of any kind. 
This research could lead to discoveries of commercial value but there will be no financial benefit to 
you as a participant if you choose to take part in this study.  
 
Is there any risk of discomfort or harm from participation? 
No. This is a non-invasive process. 
 
What specimens, data or information will be collected, and how 
will they be used?  
After confirming you meet the inclusion criteria we will ask you your age and gender. This will be 
recorded on a password protected computer, but we will not record your name. We will pool your 
saliva with that of the other participants and use it in microbial adhesion assays. 
 
What about anonymity and confidentiality? 
Your name will not be linked to the saliva sample. Your anonymity will be maintained, it will not be 
possible to identify you from any reports arising from this research. 
 
If you agree to participate, can you withdraw later? 
You may withdraw from participation in the project before the commencement of the microbial 
adhesion assays (9th November 2020). After this date, de-identified samples will have been 












If you have any questions now or in the future, please feel free to contact either: 
Name Li Mei  
Position Senior Lecturer  
Department Department of Oral Biosciences.  
Contact phone number: 
03 4797 068 
Name Michael Skilbeck 
Position DClinDent student 
Department Department of oral biosciences.  
Contact phone number: 
03 4797 068 
 
This study has been approved by the University of Otago Human Ethics Committee (Health). If you 
have any concerns about the ethical conduct of the research, you may contact the Committee 
through the Human Ethics Committee Administrator (phone +64 3 479 8256 or email 
gary.witte@otago.ac.nz). Any issues you raise will be treated in confidence and investigated and you 




3.2.4 Participant Consent form 
 
 
Surface modification of orthodontic elastomers to overcome biofilm 
formation 
Principal Investigator: Dr Li Mei (li.mei@otago.ac.nz ) 
PARTICIPANT CONSENT FORM 
Following signature and return to the research team this form will be stored in a secure place for ten years. 
Name of participant:………………………………………….. 
I have read the Information Sheet concerning this study and understand the aims of this research 
project. 
I have had sufficient time to talk with other people of my choice about participating in the study. 
I confirm that I meet the criteria for participation which are explained in the Information Sheet. 
All my questions about the project have been answered to my satisfaction, and I understand that I 
am free to request further information at any stage. 
I know that my participation in the project is entirely voluntary, and that I am free to withdraw from 
the project before commencement of the microbial adhesion assays (9th November 2020). 
I know that as a participant I will be asked to give my age and gender and provide a sample of my 
saliva. 
I understand the nature and size of the risks of discomfort or harm which are explained in the 
Information Sheet. 
I know that when the project is completed all personal identifying information will be removed from 
the paper records and electronic files which represent the data from the project, and that these will 
be placed in secure storage and kept for at least ten years. 
I understand that the results of the project may be published and be available in the University of 
Otago Library, but I agree that any personal identifying information will remain confidential between 




I know that there is no remuneration offered for this study, and that no commercial use will be 
made of the data. 
I understand that my saliva samples will be mixed with saliva samples from other participants, stored 
frozen and disposed of at the end of the study. I will indicate to the researchers if I wish a karakia to 
be said prior to disposal. If so, I understand that the karakia will be for the entire pooled saliva. 
 
Signature of participant:  Date: 
   
   
 
Name of person taking consent  Date: 




















3.4 Paper published in the Journal of Orthodontics and Craniofacial 
Research – “The effect of ligation methods on biofilm formation in 























































3.5 Experimental design flowchart 
  








Figure 3.2 is a diagram illustrating how the heights of the spacing blocks are calculated for the desired 
stretch of 150% and 200% of the elastomer. The distance between the two clamping plates in the type 
B elastomer stretching jig is 30 mm. Therefore, the length of the relaxed elastomer strip is 30 mm. The 
length of the elastomer when stretched to 200% is 60 mm. This was achieved with a spacing block 
underneath the elastomer. The block base length was set at 20 mm which was centred on the plate 
meaning that there was 5 mm on either side between the block and the clamping plate. Likewise, 
20mm of the extended elastomer rested on top of the stretching block and the remainder of the 
elastomer formed a hypotenuse between the top of the block and the clamping plate which needs to 
be 20 mm on each side of the block. In order to determine the height h of the block to stretch the 
elastomer to 200% Pythagoras’s theorem was used. 
For a right-angled triangle, where c is the hypotenuse: 𝑎 + 𝑏 = 𝑐  
Therefore: ℎ + 5 = 20  
ℎ + 25 = 400 
ℎ = 400 − 25 





5 mm 5 mm20 mm
1. Length of elastomer (20 + 2c) = 60 mm 
2. Length of elastomer (20 + 2c) = 45 mm




                                                                                                              ℎ = 19.4  
Therefore, a block designed to stretch the elastomer 200% has a base length of 20 mm, a width of 25 
mm (based on the jig width) and a height of 19.4 mm. This block was produced using a 3D printer.  
For the elastomer to be stretched to 150% the length would increase to 45 mm. for the same block 
base length of 20 mm, there would be 12.5 mm of elastomer between the block and the clamp on 
either side. To determine the height of this block Pythagoras’s theorem was used again.  
𝑎 + 𝑏 = 𝑐  
ℎ + 5 = 12.5  
ℎ + 25 = 156.25 
ℎ = 156.25 − 25 
ℎ = 131.25 
ℎ = 11.5 
Therefore, a block designed to stretch the elastomer 150% has a base length of 20 mm, a width of 25 




3.7 Growth curve for Streptococcus gordonii ATCC 10558 
 
Table 3.1: Optical dentistry (OD600) measurements for the growth of Streptococcus gordonii ATCC 10558 in 
Tryptic Soy Broth medium at 37°C. 
Time of measurement Time elapsed (hours) OD600 1/10 dilution OD600 culture 
9:00 am  0 0.007 0.07 
10:00 am  1 0.01 0.1 
11:30 am 2.5 0.011 0.11 
12:30 pm 3.5 0.022 0.22 
1:00 pm 4 0.037 0.37 
2:00 pm 5 0.064 0.64 
3:30 pm 6.5 0.128 1.28 
4:30 pm 7.5 0.14 1.4 
5:30 pm 8.5 0.141 1.41 
7:30 pm 10.5 0.145 1.45 
 
 































3.8 Linear regression charts for original elastomers (positives) and 
elastomer impressions (negatives) for surface characterisation 
validation 
 
Table 3.2: Model summary and parameter estimate for surface characterisation  
Parameter R square F df1 df2 P value Constant b1 
RMS roughness .99 671.0 1 5 < 0.001* -0.25 1.1 
Surface roughness (Ra) .99 675.2 1 5 < 0.001* -0.25 1.1 
Valley depth (Rv) .87 34.5 1 5 0.002* -1.9 .93 
Peak height (Rp) .96 132.1 1 5 < 0.001* 3.1 .82 
Peak-valley height (Rt) .98 231.6 1 5 < 0.001* 3.7 .90 
 
  
Figure 3.4: Scatter plots comparing surface 
characterisation of the original elastomer with the 
surface characterisation of the impression for: a) 





3.9 Optical density (OD600) of overnight cultures and day 
subcultures used for experiments  
 
Table 3.3: Optical density (OD600) of the overnight cultures and day subcultures of Streptococcus gordonii ATCC 
10558 for the experiments in which biofilm adhesion was performed  
Experiment Overnight culture Day subculture 
1 1.41 1.71 
2 1.48 1.46 
3 2.2 1.69 
4 0.98* 1.68 
5 2.1 1.65 
6 1.29 1.55 
7 1.32 1.55 
8 1.27 1.63 
9 1.42 1.58 
10 1.58 1.47 
11 1.37 1.6 
12 0.72* 1.37* 
13 1.21 1.5 
14 1.41 1.57 
15 0.73* 1.63* 
16 1.3 1.37 
17 1.46 1.51 
18 1.51 1.41 
19 1.8 1.77 
20 1.74 1.66 
21 0.81* 1.77 
22 1.53 1.46 
23 0.73* 1.62 
24 1.57 1.65 
25 1.43 1.39 
26 1.3 1.39 
27 1.2 1.64 
28 1.45 1.52 
29 1.59 1.6 
30 1.57 1.38 
Mean 1.50 1.56 
Standard deviation 0.24 0.12 
 





3.10 Representative images of agar plates used to calculate 
bacterial adhesion to elastomers  
 
Representative images of agar plates showing the CFU from elastomer swabs are shown in Figure 3.4. 
These plates visually represent the trends seen in Figure 2.10 showing more adhesion with the coarser 
grit (smaller grit number), and with extension. It is important to note regarding extension, that the 
whole surface area was swabbed, and the counts were later adjusted for the area of the elastomer, 




Figure 3.5: Representative agar plates showing triplicate samples of bacteria resuspended from elastomer swabs 
after an adhesion experiment. From left to right unmodified, 320 grit, 180 grit, 80 grit. From top to bottom: 
unloaded and two times extension of original elastomer. These images are of the plates with a 1:100 dilution of 
